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ABSTRACT  
SILICON BASED UNCOOLED MICROBOLOMETER 
by 
Asahel Bañobre 
During the last decade, uncooled microbolometer infrared detectors have attracted 
the attention of military and civilian infrared detection and imaging industry due to 
their significant advantages. In actuality, infrared imaging systems play a critical 
role in sectors such as thermography (predictive maintenance and building 
inspection), commercial and civilian applications (vision automotive, surveillance, 
navigation and fire-fighting), and defense industry (thermal weapon sight, soldier 
vision and vehicle vision enhancer). Compared with the cryogenically cooled 
infrared photon detectors, uncooled infrared imaging technology offers advantages 
such as operation at room temperature, light weight and size, reduced power 
consumption, easy integration with read-out electronics and broadband response 
capability. 
The motivation for this study is the consideration of silicon as an alternative 
candidate to replace the standard infrared detector thermosensing materials, as a 
result of its low cost and easy integration with the actual silicon planar lithography 
microfabrication techniques. No prior attempts are known in the literature on the 
use of low doped p-type silicon (p-Si) as a thermosensing material in thermal 
infrared detectors. 
The main aim of this research work is the design, modeling and simulation 
of low doped p-Si based uncooled microbolometer infrared detector. The 
theoretical optical modeling, and electronic performance are analyzed and 
 
 
explained. Radiative properties, as function of thin film thickness, of some 
commonly used thin films of dielectric materials, aluminum oxide (Al2O3), silicon 
dioxide (SiO2), aluminum nitride (AlN) and silicon nitride (Si3N4) are investigated 
within the infrared spectral range of 1.5-14.2 μm. 
A novel thermally isolated, suspended square-shaped multilayer structure 
microbolometer is proposed. Its radiative properties are simulated and optimized 
in the long wavelength spectral range of 8-14 µm (transmission window at room 
temperature). The performance of the proposed microbolometer structure is 
numerically calculated by the figures of merit that characterize the thermal detector 
response. The dimensions of the microbolometer structure are optimized in order 
to achieve the maximum responsivity and low thermal time response required by 
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1.1 Infrared Radiation 
In 1800, Sir William Hershel discovered infrared radiation and wrote “…There are 
rays coming from the sun…invested with a high power of heating bodies, but with 
none of illuminating objects… [1].” This portion of the electromagnetic spectrum 
attracted the attention of physicists during the second half of the nineteenth 
century, and experimental and theoretical approaches were developed in efforts 
to explain the energy distribution of what Hershel called “invisible rays.” In the 
study of thermal radiation, the work of scientists such as Kirchhoff, Boltzmann, 
Wien, Rayleigh and Planck led to the introduction of the term blackbody and the 
evolution of the application of the laws of classical physics and quantum physics 
[1]. 
The electromagnetic spectrum is the arrangement of all known frequencies 
and their relation to wavelengths of the known electromagnetic radiations. The 
electromagnetic radiation ranges are grouped depending on the nature of the 
source (heat, radio waves, sunlight and X rays) and are transmitted in the form of 
waves (electromagnetic waves) or particles (photons). The optical laws of 
reflection, refraction, interference, polarization and refractions are the same for all 
the electromagnetic radiation [1]. Electromagnetic waves are described by 
physical properties such as: frequency 𝜈 (Hz), wavelength 𝜆 (m), and photon 
energy 𝐸𝑝ℎ (J). The photon energy is expressed as, 
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where, ℎ (6.626 x 10-34 Js) is Planck's constant, 𝜈 is the frequency (Hz), 𝜆 is the 
wavelength (m) and 𝑐 (2.998 x 108 ms-1) is the speed of light in vacuum [2]. 
At temperatures above absolute zero (-273 ºC), the molecules and atoms 
oscillate, and will radiate electromagnetic waves; this radiation is referred as 
thermal radiation [3]. Thermal energy can be transferred by conduction and 
convection in the presence of a material medium; and by radiation without the 
presence of any medium. The thermal radiation emitted by an object is called 
infrared radiation (IR) and depends of its surface conditions and temperature [4]. 
The electromagnetic infrared region extends from 0.75 μm to 1000 μm, and 
is classified in four regions: 0.75-3 μm (near IR), 3-6 μm (intermediate IR), 6-15 
μm (far IR), and 15-1000 μm (extreme IR). The infrared spectral range is depicted 









1.2 Radiometry & Blackbody Radiation 
 
Radiometry is the branch of optical physics that focuses on the study of the 
electromagnetic spectrum covering from the ultraviolet region to the infrared 
region. Radiometric measurements characterize and quantify the spectral 
parameters of the optical radiation sources and the distribution of their emitted 
optical radiation. 
Optical radiant emission is investigated in terms of the ideal concept of a 
blackbody model. A blackbody is a hypothetical body that absorbs and emits all 
possible incident electromagnetic radiation, regardless of frequency or angle of 
incidence, while it is in thermal equilibrium [5]. A blackbody, in thermal equilibrium, 
emits an electromagnetic radiation spectrum that is determined by its temperature 
and not by its body composition or its shape [6]. 
Planck’s law considers that the energy is quantized at the atomic level and 
describes the radiant properties of a blackbody in a continuum of wavelength, as 












-2μm-1sr-1) is the spectral radiance emittance, ℎ (6.626 x 10-34 Js) 
is the Planck's constant, 𝑐 (2.998 x 108 ms-1) is the speed of light in vacuum, 𝜆 is 
the wavelength (m), 𝑘𝐵 (1.38 x 10
-23 JK-1) is the Boltzmann’s constant, and 𝑇 (K) 
is the absolute temperature of the optical source. The infrared spectral radiance 
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emittance distribution of a blackbody 𝐿𝑒,𝜆, in the temperature range of 300-1000 K 




Figure 1.2 Spectral radiance vs. wavelength for blackbody temperatures from 300 
K to 1000 K. 
Source: [7]. 
 
A blackbody source is considered to be a perfect Lambertian radiator, in 
which the radiance is the same in all directions independent of view angle. The 
relationship between the spectral radiance emittance and the radiant exitance 𝑀𝑒,𝜆 
(Wcm-2μm-1) for a planar Lambertian source can be written as, 
 
𝑀𝑒,𝜆(𝜆, 𝑇) = 𝜋𝐿𝑒,𝜆 (1.3) 
 
The total spectral radiance emittance 𝐿𝑒 (Wcm
-2sr-1) and the total spectral 
radiant exitance 𝑀𝑒 (Wcm
-2) of an optical source, at a specific temperature, is 
5 
 
integrated over a finite spectral range [7], and is expressed by Equations 1.4 and 
1.5. 
 







𝑀𝑒 = ∫ 𝑀𝑒,𝜆(𝜆, 𝑇)
𝜆2
𝜆1




In Equation 1.5, integration is performed over all wavelengths (𝜆1=0 to 𝜆2=∞) 
and can be modified as in Equation 1.6, and is called as Stefan-Boltzmann law. It 
states that the relationship between the total radiant exitance and the temperature 
of the blackbody is as shown in Figure 1.3, where 𝜎 (5.67 x 10-12 Wcm-2K-4) is 
called the Stefan-Boltzmann constant [7], 
 
𝑀𝑒(𝑇) = ∫ 𝑀𝑒,𝜆(𝜆, 𝑇)
∞
0














Figure 1.3 Total radiant exitance from a blackbody at 300 K is the area under the 
spectral exitance curve. 
Source: [7]. 
 
Differentiating Planck’s law and solving for wavelength at the maximum 
spectral exitance gives Wien displacement law. It quantifies the decreasing 
wavelength of peak exitance with increase in object temperature, and is expressed 









where, 𝜆𝑚𝑎𝑥 (µm) is the wavelength at maximum spectral exitance, emitted by an 
object at a particular temperature 𝑇 [7]. A blackbody source at 𝑇 =300 K (room 
temperature) has a peak exitance at 𝜆𝑚𝑎𝑥= 9.66 µm. 
The blackbody energy spectrum model is an ideal concept, but real sources 
behave differently. The radiation spectrum of a real body and an ideal blackbody 
7 
 
are related by a factor called emissivity , that is the ratio of the radiant exitance of 
the real source and the radiant exitance of a blackbody, at the same temperature. 
Emissivity is a dimensionless number that is ≤ 1, and it is = 1 for a blackbody or = 
0 for a non-radiant source. A real source is called as a selective radiator if its 
emissivity depends on wavelength and emissivity is less than unity, or gray-body, 
if its emissivity is constant and is independent of wavelength. Emissivity depends 
on the type of material, material surface, wavelength emitted and temperature of 









When radiant energy, 𝜙 (W), is incident on a surface that is at thermal 
equilibrium with its surroundings, in order for the energy to be conserved, a fraction 
of the energy may be absorbed, a fraction of the energy may be reflected and a 
fraction of the energy may be transmitted [7], 
 
𝜙𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡=𝜙𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 + 𝜙𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 + 𝜙𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 (1.9) 
 
Dividing Equation 1.9 by the incident radiation 𝜙𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡, Equation 1.10 is 
obtained, 
 




where, 𝒶 is the absorptance, 𝓇 is the reflectance and 𝓉 is the transmittance. By 
definition, a blackbody absorbs all the incident radiation; therefore 𝒶 =1 and 𝓇 = 𝓉 
= 0. 
Kirchoff's law states that if a body is in thermal equilibrium with its 
surrounding environment at a temperature 𝑇, the integrated absorptance 𝒶 equals 
the integrated emissivity , where absorptance and emittance are function of 
wavelength 𝜆 and temperature 𝑇. Kirchhoff's law is valid if there is no significant 
temperature gradient or if the phonons and electrons are in thermal equilibrium. 
Kirchhoff's law, on a spectral basis, can be stated as [7], 
 
𝒶𝜆,𝑇 = 𝜆,𝑇 (1.11) 
 
1.3 Optical Imaging System 
The detection of infrared radiation depends on the energy radiated by the source 
and the optical system that is used for detection. An optical lens is required to 
collect the incident radiation to be directed to the infrared radiation detector 
element. Figure 1.4 shows the ray schematic of an imaging system: source-lens-





Figure 1.4 Optical detection imaging system. 
Source: [7]. 
 
The lens aperture 𝐴𝑙𝑒𝑛𝑠 acts as a collector receiver and the amount of 
radiant energy (flux) 𝜙 (W) collected by the optical system can be expressed as, 
 
𝜙 = 𝐿𝐴𝑜𝑏𝑗𝛺𝑙𝑒𝑛𝑠 = 𝐿𝐴𝑙𝑒𝑛𝑠𝛺𝑜𝑏𝑗 (1.12) 
 
where 𝐴𝑜𝑏𝑗, 𝐴𝑙𝑒𝑛𝑠 , and 𝐴𝑖𝑚𝑔 are the area (cm
2) of the object (radiation source), the 
area of the lens and the area of the radiation detector 𝐴𝑑𝑒𝑡, respectively; and 𝐿 
(Wcm-2μm-1sr-1) is the spectral radiance emittance. The solid angle of the lens and 



















where, 𝐴𝑑𝑒𝑡 is the area of the radiation detector, 𝑝 (cm) is the distance between 
the object (radiation source) and the transmission lens, and 𝑞 (cm) is the distance 
between the transmission lens and the radiation detector. Substituting the solid 


















From Equation 1.15, the optical radiation that reaches the detector area is 
called irradiance 𝐸𝑑𝑒𝑡 (Wcm
-2). It is the total flux collected by the lens divided by 












For distant objects (radiation sources) 𝑝 → ∞, and distance 𝑞 = 𝑓 , where 












where, 𝐷𝑙𝑒𝑛𝑠 is the diameter of the lens. The focal number is related to the 
dimensions of the diameter of the lens and the distance between the lens and the 
detection element. 
 
1.4 Infrared Radiation Transmission in Earth’s Atmosphere 
Earth's atmosphere selectively absorbs and scatters infrared radiation by its 
composition of gaseous molecules. Figure 1.5 shows the infrared transmission in 
the earth’s atmosphere over 1.8 km as a function of wavelength (0-15 μm) [1]. The 
infrared radiation transmission in the atmosphere is restricted to three main 
windows in the following wavelength regions: 0.8-2.5 μm (near IR), 3-5 μm 
(intermediate IR) and 8-14 μm (far IR). The transmission bands in the atmosphere 
are due to the IR absorption and scattering by gas molecules such as carbon 




Figure 1.5 Infrared radiation transmission in earth’s atmosphere, over 6000 ft 





The three atmospheric infrared transmission windows determine the design 
and optimization of infrared detectors for each specific infrared window and with a 
specific detection application [7]. The IR band, 8-14 μm (far IR), is the infrared 
spectral region of choice for uncooled infrared imaging detection systems due to 
the existence of an atmospheric window and at room-temperature (300 K), objects 







2.1 Optical Detection Classifications 
The electromagnetic spectrum range, 0.2-1000 µm, is considered to be optical 
radiation; it includes visible radiation (0.4-0.75 µm) and infrared radiation (0.75-
1000 µm). The infrared radiation spectrum is not visible to the human eye that can 
just detect wavelengths in the visible range. Infrared radiation is the second most 
intense source of radiation on earth; this is the reason for the efforts, during the 
last century, towards the study and development of infrared radiation detectors. 
An infrared detector is an opto-electronic device that reacts to infrared 
radiation, transducing infrared radiation into an electrical signal. Electromagnetic 
radiation interacts with matter in various ways that determine the physical 
mechanism involved in the detection process and can be classified as due to: 
photon effect, thermal effect and wave interaction effect. This radiation-matter 
interaction depends on the infrared absorber material and the infrared spectral 
range. Infrared radiation detectors can be classified into two classes: photon 
detectors and thermal detectors [9]. 
Thermal detectors respond to the heating effect caused by the absorbed 
photon radiation that causes changes in the temperature of the detector and in its 
electrical properties. The detection process of thermal detectors is divided in two 
steps. First, the radiation is absorbed generating phonons and causing changes in 
the lattice temperature of the absorber material. Second, the change in 
temperature induces changes in a measurable parameter of the detector active 
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element. The response of the thermal detector is proportional to the energy 
absorbed [9]. Thermal detectors, most used by the infrared industry, are 
bolometers, thermopiles and pyroelectrics. Bolometers are detectors in which the 
absorption of radiation causes changes in the electrical resistance of its thermal 
sensing materials (for example, VOx, a-Si – at room temperature). They exhibit 
high responsivity and bias is required (DC response). Thermoelectric detectors 
(thermopiles) are formed by the junction of two materials (Bi/Sb, Al/Poly-Si) with 
high Seebeck coefficients. They exhibit low responsivity and no bias is required 
(DC response). Pyroelectric detectors are made using dielectric materials (LiTaO3, 
BaxSr1-xTiO3) that modify their polarization under the influence of changes in 
temperature and need a chopper system in order to generate a modulation in their 
polarization. They exhibit high responsivity and no bias is required (current 
response). 
Photon detectors are devices that detect optical radiation by direct 
interaction of individual photons with active charge carriers within the atomic lattice 
of the detector material. The transition of the active charges from the valence band 
to the conduction band depends on the energy band gap of the material and 
causes changes in physical parameters such as resistance, capacitance, voltage 
or current [10]. The photodetector response is proportional to the number of 
photons absorbed [11]. Among the many photon detectors, the photoconductive 
and the photovoltaic are the most used. Photoconductive detectors use the 
increase in electrical conductivity resulting from increase in the number of free 
carriers generated when photons are absorbed (generation of current), whereas in 
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photovoltaic detectors, current is generated as a result of the absorption of photons 
due to a voltage difference across a p-n junction (generation of electron-hole pair 
across the junction and a voltage). 
 
2.2 Photon Detectors Versus Thermal Detectors 
A wide variety of photon detectors and thermal detectors have been developed by 
the infrared detection/imaging industry; each detection mechanism has 
advantages and disadvantages that determine the most appropriate approach 
depending on the infrared spectrum range for the detection, application and 
measurement conditions. 
The time response of the thermal detector is a two-step process; it is slower 
than the corresponding time response of the photon detector, in which the 
absorption of a photon and the generation of an electron-hole pair is faster. Photon 
detectors are more sensitive than thermal detectors, but they can only operate at 
specific and narrow wavelength range in comparison with thermal detectors that 
can respond continuously over a broad range of wavelengths. Thermal detectors 
have the advantage to operate at room temperature, in contrast with photon 
detectors that need to be cooled, as a direct result of the thermal generation-
recombination that increases the noise effect. In photon detectors, in order to 
reduce the thermally induced generation of charge carriers, the temperature of the 
detector must be maintained at cryogenic levels of 77 K or below [12], by using 
cooling systems such as Stirling cooling, Peliter cooling etc. This increases the 
cost, complexity, weight, size and power consumption of the infrared detection 
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imaging systems [13]. The low cost and portability are the main reasons why 
uncooled thermal detectors are considered as an alternative to replace cooled 
photon detectors. 
 
2.3 Thermal Infrared Detector 
Thermal detectors have been accepted extensively for applications in infrared 
detection, where it is impractical to use cooled infrared detectors (for example, 
military systems, space applications, portable electronics). Among the thermal 
detectors, the most used is the bolometer. Advantages of bolometer include 
operation at the desired temperature including room temperature, flat response 
over the infrared spectrum and conservative time response; this allows to consider 
bolometer infrared detectors as the ideal choice in the development of uncooled 
infrared detectors and imaging systems. 
2.3.1 Bolometer-Principle of Operation 
A bolometer is an infrared thermal detector used in the infrared spectral range that 
transduces the optical radiation absorbed into an electrical readable signal. A 
typical bolometer has two main components - an optical radiation absorber 
material coupled to an active element material. The absorbed incident optical 
radiation is converted into heat in the lattice by the absorber material, which 
produces changes in a measurable physical property (electrical resistivity) of the 
active element material (thermosensing material) and the change is transduced 
into an electrical output signal [14]. The resistance change information is 
electrically transferred to the read-out integrated circuit (ROIC) for further 
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processing and producing a thermal output/image. Figure 2.1 shows the schematic 





Figure 2.1 Schematic block diagram of a thermal detector. 
Source: [14]. 
 
The operation of a bolometer is based on the electrical resistance change 
of a thermosensing material as a function of temperature. The optical radiation 
absorber and the thermosensing material are connected thermally and electrically 
through a support structure to the substrate that acts as a heat sink. The basic 
representation of the thermal detector operation is shown in Figure 2.2. The 
thermal detector with thermal capacitance 𝐶𝑡ℎ is connected by a thermal link of 
thermal conductance 𝐺𝑡ℎ to a heat sink, assuming that there is no other heat loss 









In order to measure changes in its resistance, the bolometer needs to be 
connected to a DC circuit biased with a constant current source. The electrical 
circuit, commonly used to interface the bolometer into the reading system, is a 
voltage divider circuit configuration [16]. Figure 2.3 shows the schematic of a 
voltage divider circuit. A bias voltage is applied across a load resistor and the 
bolometer, where 𝑉𝑏𝑖𝑎𝑠 (V) is the bias voltage applied to the circuit, 𝑅𝑏   (Ω) is the 
bolometer resistance and 𝑅𝐿 (Ω) is the load resistance. The measurement readout 
electric circuit introduces Joule heating 𝐼𝑏
2𝑅𝑏 (W) as a source of heat to be 










Figure 2.3 Schematic of electrical biasing circuit for bolometer. 
 
2.3.2 Thermal Detector Heat-Balance Equation 
The relationship between the incident radiation and heat loss of the thermal 
detector (bolometer), considering the Joule heat source, can be described by the 












-1) is the thermal capacitance coupled via a thermal conductance 
𝐺𝑡ℎ (WK
-1) to a heat sink, 𝑡 (s) is the radiation absorption time, ∆𝑇 is the change in 
temperature between the bolometer and the heat sink due to the incident optical 
signal 𝛷𝑖 (Wcm
-2),  (0<  < 1) is the emissivity (absorptance) of the IR sensitive 
film, 𝐼𝑏 (A) is the circuit biased current and 𝑅𝑏 (Ω) is electrical resistance of the 
bolometer active element. 










where, 𝑐 (Jg-1K-1) is the specific heat capacity of the material, 𝜌 (gm-3) is the density 
of the material, 𝑑 (m) is the thickness of the bolometer and 𝐴 (m2) is the area of 
the bolometer. The thermal detector is the combination of a series of thin film layers 
and the subscript 𝑖 denotes them. 
Assuming that the absorbed incident optical radiation is a modulated 
function 𝛷𝑖 = 𝛷0𝑒
iωt, where 𝛷0  is the amplitude of sinusoidal radiation and ω =
2𝜋𝑓 (rad s-1) is the angular frequency of modulation, the heat-balance Equation 











The thermal conductance 𝐺𝑡ℎ of the bolometer is the combination of the 
conductance by convection 𝐺𝑐𝑜𝑛𝑣, the conductance by radiation 𝐺𝑟, and the 
conductance by conduction 𝐺𝑐𝑜𝑛𝑑 throughout the link to the heat sink. Considering 
that the bolometer is completely isolated from the environment under vacuum 
conditions, the heat loss of thermal conductance by convection 𝐺𝑐𝑜𝑛𝑣 is negligible; 
therefore the thermal conductance can be expressed by, 
 




The thermal conductance by conduction 𝐺𝑐𝑜𝑛𝑑 is the heat conductance 










where, 𝐾 (Wm-1K-1) is the thermal conductivity of the link, 𝐴 (m2) is the area of the 
link and 𝐿 (m) is the respective length of the link to the heat sink, and the subscript 
𝑖 denotes the thermal conductance and the dimensions of each thin film layer of 
the heat link. 
When the bolometer absorbs the incident optical radiation and its 
temperature increases by an amount ∆𝑇, it will radiate a total flux that is estimated 
by the Stefan-Boltzmann total radiation law. The thermal conductance by radiation, 
where 𝜎 is the Stefan-Boltzman constant [17], is given by, 
 
𝐺𝑟 = 4𝐴 𝜎𝑇
3 (2.6) 
 
Considering all the heat losses in the thermal detector, the heat-balance 
Equation 2.3, that describes the relationship between the absorbed optical 














The equation relating the thermal detector resistance change with 
temperature is given by, 
 
𝑅𝑏(𝑇) = 𝑅0(1 + 𝛼∆𝑇) (2.8) 
 
where, 𝑅𝑏  (𝑇) is the bolometer resistance as function of temperature, 𝑅0 is the 
bolometer resistance at room-temperature and ∆𝑇 (K) is the change in bolometer 











where, 𝑑𝑅𝑏 is the change in the bolometer resistance due to the change in 
bolometer temperature 𝑑𝑇. 
The response of the bolometer can be measured with a readout circuit 
interface that typically has a voltage divider configuration; the voltage divider circuit 
is shown in Figure 2.3. When a DC voltage source sends in a constant current 𝐼𝑏, 









At a constant biased current, from Equation 2.9, the bolometer change in 




∆𝑉𝑏 = 𝐼𝑏∆𝑅𝑏 = 𝐼𝑏𝑅0𝛼∆𝑇 = 𝑉𝑜𝑢𝑡𝛼∆𝑇 (2.11) 
 
where, ∆𝑉𝑏 (V) is the voltage change across the bolometer, as function of its 
temperature change ∆𝑇 and resistance change ∆𝑅𝑏. 
The Joule effect term 𝐼𝑏











At thermal equilibrium, when the bolometer is not exposed to optical 
radiation 𝛷0 = 0 and a current bias is applied, then the steady-state solution to 











where 𝐺0 is the thermal conductance of the material at temperature 𝑇. 
At a constant current bias, the Joule heating depends on the resistance that 
is temperature dependent; therefore, the joule heat effect is temperature 
dependent in the dynamic heat Equation 2.7 and solving its derivative with respect 


















By substituting Equation 2.9 and 2.13 into Equation 2.14, and solving the 




























From Equation 2.14 and 2.15, the following equation is obtained, 
 
𝐼𝑏

















+ (𝐺𝑐𝑜𝑛𝑑 + 4𝐴 𝜎𝑇
3)∆𝑇 = 𝛷0𝑒
















+ [(𝐺𝑐𝑜𝑛𝑑 + 4𝐴 𝜎𝑇














where the total thermal conductance of the bolometer depends on the thermal 
conductance by conductivity in the arms, the thermal conductance by radiation and 
the joule effect as a function of bolometer temperature change. The effective 
thermal conductance 𝐺𝑒 is defined as, 
 
𝐺𝑒 = [(𝐺𝑐𝑜𝑛𝑑 + 4𝐴 𝜎𝑇






















Equation 2.20 is an inhomogeneous first-order differential equation and the 
change in temperature of the bolometer, due to the absorption of incident optical 















The first term of the heat transfer solution is a transient term and as time 
increases, it decreases exponentially to zero. The second term represents the 
relationship between the incident radiation power and heat loss. The change in 
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temperature of a thermal detector, due to absorption of incident optical radiation 










Considering a fixed infrared radiation power, the change in temperature of 
the device is dominated by the radiation absorption in the absorber material and 
the thermal conductivity of the support structure. Equation 2.22 shows that, in order 
to achieve a large change in the bolometer temperature, the thermal conductance 
and the thermal capacity should be as small as possible, and a high emissivity of 
the optical radiation absorber material is required. It can also be observed that, as 
𝜔 increases, the term 𝜔2𝐶𝑡ℎ
2  increases and the temperature change will decrease. 
Introducing the effective thermal time constant response 𝜏𝑒 (s) as the ratio 









The effective thermal time constant or integration time of the system is the 




The time response constant is given by Equation 2.23 where the cut-off 
frequency 𝑓𝑐   (-3 dB frequency) of the responsivity is improved by reducing the heat 
capacity and reducing the thermal conductance of the detector element. 









The effective thermal time constant characterizes the radiation flux 
transition between the low and high frequency regions. At low frequencies, the 
detector temperature is inversely proportional to the thermal conductance of the 
heat link. At high frequencies, the detector temperature is inversely proportional to 




At low frequencies 𝜔2𝜏𝑒








At high frequencies 𝜔2𝜏𝑒






2.3.3 System Noise 
The detector output signal is disturbed by a variety of noise sources, resulting in 
random fluctuations of the measured signal. The performance of an optical 
detector is determined by the noise, which is the combination of the noise 
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generated by the detector, the noise generated by readout electronic system and 
the noise from the radiation background against which the signal is detected [18]. 
Noise sets the limit to the minimum optical radiation power to be detected and 
dictates the detector design parameters to be considered to achieve a high signal 
to noise detection system. The noise sources are required to define the detectors’ 
figures of merit such as noise equivalent power 𝑁𝐸𝑃 and normalized detectivity 
𝐷∗. 
The total noise of the bolometer is the combination of thermal fluctuation 
noise, Flick noise (1/f), thermal background fluctuation noise and Johnson noise 







2  (2.27) 
 
The Johnson noise or Johnson-Nyquist noise 𝑉𝑗 (V) is associated with 
electrical resistors and is caused by the thermal agitation of atoms and charge 
carriers within a conductor material. In order to minimize this, the detector 
resistance 𝑅, temperature 𝑇 and the measurement noise bandwidth ∆𝑓 , related to 
the integration time, should be minimized. Johnson noise is defined by Equation 








The thermal fluctuation noise 𝑉𝑡ℎ (V) is caused by temperature fluctuations 
in the detector and is caused by fluctuation in the rate at which heat is released 
from the detector to its surroundings with which it is thermally connected. This 
noise is inherent of thermal detectors and its main heat loss is through the thermal 
link connected to the heat sink. The thermal fluctuation voltage noise is derived 













where, ∆𝑉 is the change in the electrical output of the detector corresponding to 
the detector change of temperature ∆𝑇. 
The background noise 𝑉𝑏 (V) is caused by the radiative heat exchange 

















where 𝐴 is the optical radiation absorber area of the detector, 𝑇𝑑 is the detector 
temperature and 𝑇𝑏 is the temperature of the surrounding observed environment. 
The Flick noise (1/f) is a component caused by conductivity fluctuations [19] 












where the coefficient 𝑘1/𝑓, is a factor of proportionality, and coefficients 𝛽 and 𝛿 
have values of about 1. These coefficients depend on the methods of material 
preparation and processing. 
The Flick noise (1/f) is attributed to surface factors (McWhorter model) and 
to bulk defects (Hoogen model). The McWhorter model implies fluctuations in the 
number of carriers [17] and the Hoogen model considers the carrier mobility [21]. 
1/f is a conductivity noise that, for low frequencies, tends to be the limiting factor, 
depending on the number of effective carriers and not the number of carriers. The 
number of effective carriers is reduced due to scattering with crystal lattice 
imperfections, non-Ohmic contacts and grain boundaries [22]. 
2.3.4 Figures of Merit 
The detector performance can be described quantitatively and evaluated in terms 
of figures of merit. Figures of merit are parameters that relate the detector 
response to the optical absorbed radiation and characterize the performance of 
optical detectors. Some figures of merit allow to compare the performance 
between optical detectors, independent of their optical radiation absorption 
mechanism, while others are dependent on these mechanisms and detector 
geometry dimensions. 
The performance of a bolometer is determined by figures of merit such as 




The responsivity 𝑅𝑣 (V/W) of the detector anticipates the signal output for a 
specific optical radiation absorbed. Responsivity is defined as the ratio of the 
output signal ∆𝑉𝑏 to the input radiant power incident that is absorbed, 𝛷0, by the 









When the detector is interfaced with a voltage divider configuration readout 
circuit as shown in Figure 2.3, substituting Equations 2.10, 2.11 and 2.24 in 











The detector output signal must be above the detector noise level that 
determines the minimum absorbed optical radiation level the detector can discern; 
the noise equivalent power 𝑁𝐸𝑃 (W) is the signal power needed to achieve a 











The normalized detectivity 𝐷∗ (cmHz1/2W-1) is the reciprocal of the noise 
equivalent power normalized to 1-cm2 area and 1-Hz noise equivalent bandwidth 










2) is the area of the detector (area of radiation absorption) and ∆𝑓 
(Hz) is the detector noise equivalent bandwidth related to the modulation frequency 
of the radiation source. The normalized detectivity defines the resolving power of 
the detector and allows to compare the detector performance with different sizes 
and technology. 
The detector noise equivalent bandwidth is the frequency over which the 









The figures of merit mentioned before are the parameters that allow the 
characterization of infrared detectors (single element) and their performance 
comparison with other infrared detectors, independent of the radiation absorption 
mechanism and the active area of absorption. The figures of merit and the various 
device parameters that are described above are applicable to array/s of detectors. 
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An optical infrared imaging system consists of an array of infrared detectors 
located at the focal plane (FPA) of an optical detection imaging system, integrated 
with a read-out integrated circuit (ROIC). The arrays can be one-dimensional (1D) 
or two-dimensional (2D), depending on the purpose and application of the imaging 
system/s. A significant figure of merit of the infrared imaging system is the noise 

















#⁄  is the focal number of the optical detection imaging system, 𝐴𝑑 is the 
detector area, 𝜏0 is the transmittance of the optics system, 𝜏𝑎 is the atmospheric 
transmittance and (∆𝐿 ∆𝑇⁄ )𝜆1−𝜆2
 is the temperature contrast of total spectral 
radiance emittance at 300 K, and represents the change in IR radiation power 
detected on the detector element per unit change in temperature of the source 
object within the spectral wavelength band under consideration. 
The 𝑁𝐸𝑇𝐷 parameter is referred as thermal contrast and measures the 
smallest temperature change that a thermal infrared detector is able to distinguish 
between the infrared radiation source and its background. 𝑁𝐸𝑇𝐷 is typically 
expressed in milli-Kelvin (mK) and is inversely proportional to the detectivity. 
Commercial state-of-the-art uncooled infrared bolometer arrays have typically 




2.3.5 Optical Infrared Imaging System 
A determining figure of merit used by the imaging industry, to characterize and 
compare the performance of an optical infrared imaging system (array of infrared 
detectors) that could be used to calculate the performance of a single detector, is 
the noise equivalent temperature difference 𝑁𝐸𝑇𝐷 (Equation 2.37); this parameter 
specifies the minimum detectable temperature difference by the detection system. 
IR Cameras Manufacturers measure 𝑁𝐸𝑇𝐷, using different parameters, but 
the most important is the focal number 
𝑓
#⁄  of the optical lens used during the 
measurements. The comparison of different imaging systems’ detection 
performance is based on the comparison of the 𝑁𝐸𝑇𝐷 values with the same 
𝑓
#⁄ , 
that is usually normalized to 1. For an imaging system to have a considerable 
performance, the 𝑁𝐸𝑇𝐷 should be less than 100 mK and for a state-of-the-art 
system, it should be less than 50 mK. Another important parameter, in the imaging 
industry, is the frame rate at which the camera operates; standard FPA systems 
operate in a range of 9-100 Hz and is typically in the range of 30-60 Hz. The frame 
rate is the rate at which the FPA imaging system creates images and a common 
practice is to make the detector (pixel) thermal time response not to exceed one-
third of the reciprocal of the frame rate. Equation 2.38 shows the frame rate 











Figure 2.4, shows the schematic diagram of a standard optical system, 
where 𝑓 is the focal length. Using optics lens with larger diameters allows to build 
more sensitive IR thermal imaging systems (cameras), but glass lens does not 
have a high IR radiation transmittance and optics lens made of high IR 
transmittance germanium (Ge) are used by the IR industry. Germanium optics 
lenses are expensive and an increase in the diameter of the optical lens results in 
an increase in the cost of the IR thermal camera; this is the reason why 









MODELING OF RADIATIVE PROPERTIES  
 
3.1 Radiation-Matter Interaction 
Electromagnetic wave radiation interacts with matter in three ways: reflection, 
absorption and transmission. The reaction of atoms to an incoming radiation is 
determined by the frequency of the incoming radiation; if its energy matches one 
of the excited states of the atoms, the radiation is absorbed, and if its frequency is 
lower than the resonance frequencies of the atoms, the radiation is scattered [24]. 
The interaction of radiation with matter is determined by the radiation 
wavelength and the optical properties of the material. The index of refraction 𝑛 and 
the extinction coefficient 𝑘 describe the material optical properties. The index of 
refraction is generally a complex number that consists of a real and imaginary part 
[25], 
 
?̅? = 𝑛 + 𝑖𝑘 (3.1) 
 
The real term 𝑛 = 𝑐/𝑣 represents the wave phase velocity, where 𝑐 is the 
speed of light, 𝑣 is the wave velocity in the medium and the imaginary term 𝑘 
represents the absorption losses of the electromagnetic wave by the media. The 




The optical properties can be represented as the complex dielectric function 
(permittivity), 
 
̅ = 1 + 𝑖 2 (3.2) 
 
where 1 = 𝑛
2 − 𝑘2 is the real term and 2 = 2𝑛𝑘 is the imaginary term called the 
absorption product. The complex dielectric function is frequency dependent and is 
related to the electronic structure and band structure of the material. 
















The permittivity, index of refraction and extinction coefficients should be 
measured at the same wavelength, because they are wavelength dependent. 
The optical properties 𝑛, 𝑘, 1 and 2 can be deduced by measurement 
techniques that have been developed to calculate these properties as a function 
of radiation reflected, absorbed and transmitted by a material. The nature of the 
material determines the technique that can be used to measure its optical 
properties; each technique has specifications and advantages. Some of these 
techniques include the analytical approaches such as Kramers-Kronig analysis, or 
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the experimental techniques such as spectroscopic ellipsometry and differential 
reflectrometry [26]. 
The radiative properties of a medium can be predicted by the Fresnel’s 
equations. The Fresnel’s equations are derived from Maxwell’s electromagnetic 
equations by applying the boundary conditions at the boundary between two 
media. The reflected and transmitted component of the radiation depends on the 
angle of incident radiation with respect to the interface of the medium and the 
optical properties of the interface. When the multilayer stack has more than three 
layers, a transfer matrix method is considered to analyze and solve the 
propagation of radiation throughout a multilayer medium. 
 
3.2 Matrix Method (Multi-Rad) 
Multi-Rad is an optical modeling software developed by Massachusetts Institute of 
Technology (MIT) [27]. Multi-Rad facilitates the calculation of the optical radiative 
properties of thin-film stacks using the matrix method of multilayers [28-30]. This 
method predicts the reflectance and transmittance of a multilayer stack with the 
assumption that the layers are optically smooth, parallel and optically isotropic (the 
optical constants are independent of the crystallographic direction). The radiative 
properties can be calculated considering optical radiation at different angles of 
incidence (0-90o) in the spectral range of 0.4-20 μm at a determined thin-film stack 
temperature (30-1400 ºC). For a multilayer stack, with specific values of index of 
refraction 𝑛 and extinction coefficient 𝑘 for each layer, at specific temperature, 
angle of incident radiation and wavelength range of incident radiation, the radiative 
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properties such as absorptance, reflectance and transmittance are determined 
[27]. 
For normally incident radiation, the coherent optical reflectance and 
transmittance of a multilayer structure are readily represented as a product of 
matrices. A multilayer structure, composed of optically isotropic and homogeneous 
layers, with plane and parallel faces, is assumed for this matrix method. The 
elements of the system, transfer matrix, can be written in terms of the complex-
amplitude reflection and transmission coefficients of the multilayer structure [31]. 
A generic layer structure is shown in Figure 3.1. “There are 𝑁 layer 
interfaces (circled) and 𝑁 + 1 “layers” (squared), including the unbounded 
transparent media on each side of the actual stack. 𝐴𝑖 and 𝐵𝑖 are the amplitudes 
of the forward and backward propagating electric field vectors on the left side of 
interface 𝑖. The prime notation on 𝐴′𝑁+1 and 𝐵′𝑁+1 indicates that these are the 
amplitudes on the right side of interface 𝑁. Light is incident on interface 1, with an 





















Figure 3.1 Notation of matrix method of multilayers. 
Source: [31]. 
 
The multilayer theory relates the amplitudes on the left side of interface 1 






















“where 𝑃𝑖 is the propagation matrix, 𝐷𝑖 is the dynamical matrix, and 𝑚𝑖𝑗 is an 
element of the transfer function matrix. The propagation matrix accounts for the 
effect of absorption and interference within a layer 𝑖 bounded by two interfaces 
[32].” 
In this approach, it is assumed that the bounding media is vacuum and 










The propagation matrix accounts for the effect of absorption and 
interference within a layer bounded by two interfaces, where the phase shift is, 
 




The complex refractive index is ?̅?𝑖 = 𝑛𝑖 + 𝑖𝑘𝑖, where 𝑛𝑖 is the refractive 
index and 𝑘𝑖 is the extinction coefficient of the 𝑖 layer. The thickness of each layer 
is 𝑑𝑖, ?̅?𝑖 is the complex angle and the wavelength of the incident wave in vacuum 
is 𝜆. 
The dynamical matrix 𝐷𝑖 relates the amplitudes of the reflected and 
refracted radiation waves at the interface 𝑖, and it depends on the state of 
polarization of the radiation wave. The dynamical matrix solution for the electric 
















The reflectance for the multilayer stack, for an electric field vector 
perpendicular (s) and parallel (p) to the plane of incidence is the ratio of the 
intensities of the forward and backward propagating waves on the left side of 
interface 1 and is given by Equation 3.10. The transmittance is the ratio of the 
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intensities of the forward propagating wave on the right side of the interface 𝑁 and 
































The spectral directional absorptance is calculated by assuming Kirchhoff's 
law on a spectral basis: 
 
𝛼𝜆,𝜃 = 𝜆,𝜃 = 1 − 𝑅𝜆,𝜃 − 𝑇𝜆,𝜃 (3.12) 
 
where, absorptance 𝛼𝜆,𝜃, emittance 𝜆,𝜃, reflectance  𝑅𝜆,𝜃 and transmittance 𝑇𝜆,𝜃 
are function of wavelength 𝜆 and incident angle of the incoming radiation 𝜃 
(directional properties). Kirchhoff's law, on a spectral basis, is valid if the emitting 
object is in local thermodynamic equilibrium and it can be characterized by a single 
temperature. The emission and absorption coefficients depend on the nature of 
the surface (roughness) and wavelength. Kirchhoff's law is valid if there is no 




Multi-Rad predicts the radiative properties for a specific wavelength range 
and the total values of radiative properties as a function of the wavelength range. 
In order to calculate the total IR radiation absorbed, reflected and transmitted in a 
certain spectral range, the radiative properties are integrated with respect to 
wavelength for a certain blackbody distribution of energy .The total absorptance in 














𝑘  is the fraction of the blackbody energy in the spectral range evaluated 
at the blackbody temperature, 𝑒𝑏 is the Planck function evaluated at the blackbody 
source temperature 𝑇𝑏 in the spectral range 𝜆1 − 𝜆2 and 𝛼𝜆 is the spectral 
absorptance. The emittance, transmittance and reflectance are calculated similarly 








A microbolometer is an infrared detector that is generally fabricated by 
micromachining technology. A microbolometer consists of a thin multilayer 
structure thermally isolated and connected to a substrate, through support 
structures that act as heat links and electrical connectors. The two main 
components of the multilayer structure are an optical infrared absorber material 
coupled to a thermosensing material. The absorbed incident optical radiation is 
converted into heat by the infrared absorber material, producing changes in the 
resistivity of the thermosensing material that is transduced into an electrical signal. 
A wide variety of materials have been used in the design and fabrication of 
microbolometers, and new absorbers and thermosensing materials have been 
considered to improve the performance of these devices in the last decade. 
Historically, black metals (platinum, tungsten, titanium and gold) have been 
used as absorbers of optical infrared radiation since the 1930's [33-37] and have 
been extensively utilized as infrared absorber coatings. Surface modification 
techniques such as electroplating, chemical and mechanical etching have been 
traditionally used to achieve high porosity metal surfaces that are the most 
effective mechanism for the absorption of infrared radiation [38,39]. New surface 
modification techniques such as femtosecond lasers have been implemented in 
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the fabrication of black metals that exhibit an extremely low reflectance across the 
infrared wavelength spectra [40]. 
New IR radiation absorber materials have emerged with extremely low 
reflectance exhibited across the IR spectra. Vantablack, a composite of thin film of 
carbon nanotubes and black silicon (BSi), a surface modification of silicon, exhibits 
absorptance close to unity [41-45]. Black gold with infrared absorptance close to 
unity have been developed [46]; but the thin film fabrication process technology 
that is required for the deposition of these materials may not be compatible with all 
semiconductor processes and it does not allow the mass production of uncooled 
microbolometers [47,87]. Black gold, obtained by thermal evaporation methods, 
exhibits an absorptance close to unity [49-51]; but the fragile structure of this 
material and the degradation in absorption properties, when it is exposed to 
temperatures higher than 300 ºC, does not make it feasible for mass production 
[52]. 
A variety of polycrystalline materials such as Vanadium oxide (VOx) and 
amorphous silicon (a-Si) have been widely used as IR thermosensing materials 
[53-55]; these materials have the advantage of high temperature coefficient of 
resistance required by the imaging industry to achieve a high sensitivity detector 
response. 
Vanadium oxide (VOx) has been the thermosensing material of choice in a 
variety of microbolometers [56] with temperature coefficient of resistance in the 
range of -2 to -3 %/ K [57-60] at room temperature, but it is not a standard material 
in the integrated circuit (IC) fabrication process technology [61]. Vanadium oxide 
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is not a single crystal material and compositional variations have to be controlled 
very precisely; it has some problems such as unstable phases, and poor 
reproducibility [62,63]. Thin films of vanadium oxide can be prepared by a variety 
of techniques, including reactive RF sputtering [64-66], pulsed laser deposition 
[67], ion beam sputtering and magnetron controlled sputtering that are high cost 
methods [68,69]. 
Amorphous silicon (a-Si), an alternative material that is compatible with the 
silicon technology, requires high values of electrical resistivity in order to achieve 
a high TCR [70-72]. In order to achieve a TCR of -3 to -4 %/K [73] at room 
temperature, amorphous silicon should be exposed to high annealing 
temperatures resulting in a high electrical resistivity and a high pixel resistance in 
the order of Mega-Ohms (MΩ) [74]. This high value of resistance causes large 
Johnson noise and consequently low detector sensitivity as well as a mismatch 
with the input impedance of the CMOS read-out circuits. 
The disadvantage of these materials is that both of them exhibit high 1/f 
noise due to their non-crystalline structure. For most materials, 1/f noise constant 
is not very well documented in the literature. It is a material parameter that can 
vary by several orders of magnitude for different materials. Even small variations 
of the material composition can dramatically change the 1/f noise constant [75].  
The complexity in the fabrication process technology, that is required for the 
deposition and patterning of these thermosensing materials and the high electrical 




Previously, some experimental studies have been performed to develop the 
use of n-type silicon to optimize uncooled bolometers [76]. An uncooled 
microbolometer structure with n-well layer as the active element has been 
proposed and fabricated [77-79]. However, n-Si has not been used in the 
fabrication and development of commercial uncooled infrared microbolometers 
that is dominated by VOx [80] and other polycrystalline materials. n-Si requires an 
intermediate step in the form of heavily doped n-Si (n++ -Si) for forming an Ohmic 
contact with the metal.  
 
4.2 Microbolometer - Materials Selection 
In the present study, low doped p-type silicon Si (1.45 Ω-cm) as an active 
thermosensing element is introduced in combination with silicon nitride (Si3N4) as 
an infrared absorber material. The 𝑁𝐸𝑇𝐷 of state-of-the-art uncooled infrared 
microbolometer is limited by the 1/f noise from the thermosensing material [81,82]. 
Mono-crystalline materials can have a significantly lower 1/f noise constant as 
compared to amorphous or polycrystalline materials. Thus, the use of mono-
crystalline silicon as a thermosensing material will reduce the 𝑁𝐸𝑇𝐷 of a 
microbolometer with a low 1/f noise constant [83,84]. Aluminum (Al) is considered 
as interconnection material because of its electrical properties and gold (Au) is 
used as an infrared radiation reflector layer. 
4.2.1 P-Silicon as Thermosensing Material 
The process of doping introduces impurities in the intrinsic Si semiconductor via 
substitutional atoms such as boron or phosphorous with lower or higher valence, 
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respectively. This increases the charge carrier density and the intrinsic 
semiconductor becomes an extrinsic semiconductor. These impurity atoms are 
called donors if they add electrons to the conduction band or acceptors (holes) if 
they add positive charges to the valence band. 
Depending on the type of dominant carriers, the extrinsic semiconductor is 
called n-type or p-type. Silicon doped with phosphorous receives an extra free 
electron resulting in n-type Si. Silicon doped with boron creates holes resulting in 
p-type Si. The energy gap for acceptor and donor levels with respect to the 
corresponding energy bands is smaller than the energy gap between the valence 
and conduction bands [85]. 
As shown in Figure 4.1, the migration of an electron from the valence band 
to the acceptor band leaves behind a hole in the valence band. In a p-type extrinsic 
semiconductor, the majority carriers are holes in the valence band and they are 
called positive carrier type (p-type); the binding energy (activation energy Ea) is 
small and while the holes are the charge carriers, the electrons participate in 
bonding [86]. Figure 4.1 shows the energy bands in a p-type extrinsic 
semiconductor, where Ea is the acceptor band energy, Ef1 is the Fermi energy for 
an intrinsic semiconductor, Ec is the conduction band energy, Ef is the extrinsic 








When a trivalent atom such as boron is introduced substitutionally in the 
crystalline silicon covalent bonded lattice of silicon, one of the covalent bonding 
orbital is missing and a hole is created. In the presence of an external electric field, 
an electron carrier from another tetrahedral bond can attain sufficient energy to 
move to the missing bond ionizing with charge of -1 from the boron atom and 
creating a boron-silicon valence bond. The migration of an electron from a silicon 
atom to a boron atom is only 0.005 eV small compared with 1.1 eV required to 
transfer an electron from the valence band to the conduction band. Figure 4.2 
shows the creation of the hole by the ionization of boron; it behaves as a positive 





Figure 4.2 Carrier transport in p-type extrinsic semiconductor. 
Source: [86]. 
 
Electrical conductivity in intrinsic semiconductors is an exponential function 
of temperature and band gap; the conductivity of extrinsic semiconductors is a 
function of charge carrier density and charge carrier mobility. At low temperature, 
the electrical conductivity increases as the charge carrier concentration increases; 
at intermediate temperature, the number of charge carriers is nearly independent 
of temperature (exhaustion range); at higher temperatures, the carrier mobility 
decreases as a result of increase in phonon scattering; at still higher temperatures, 
once the charge carriers are completely ionized, the extrinsic semiconductor 
behaves as an intrinsic semiconductor [87]. 
The thermosensing p-type silicon layer is considered with a doping 
concentration of 1016 cm-3 with a TCR of 0.74 %/K [88,89]. Figure 4.3 shows the 
results of measurements by the National Bureau of Standards (now, NIST – the 
National Institute of Standards and Technology) of the temperature coefficients of 
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resistance at a temperature of 23 ºC for n-type and p-type silicon [89]. The TCR of 
silicon is determined by the type of carrier, carrier concentration and carrier 
mobility. Although the TCR value is low in comparison with the standard 
thermosensing materials used by the infrared detector industry, the use of p-doped 
silicon has some significant advantages. These include low resistivity that reduces 
pixel resistance and Johnson noise, low resistance values that are compatible with 
readout circuits, negligible 1/f noise due to its single crystal nature and it is a cost-












4.2.2 Radiative Properties of Thin Films of Common Dielectric Materials 
For the manufacture of microbolometers, for excellent absorbers, there is a need 
for low-cost standard semiconductor materials with high emissivity in the IR 
spectral range. These materials also need to be compatible with the actual 
manufacturing process as well as integrate with the required optoelectronic 
circuits.  
In this study, radiative properties of common dielectric materials such as 
Al2O3, SiO2, AlN and Si3N4 are simulated in the infrared spectral range of 1.5-14.2 
μm. These common dielectric materials are routinely used as electrical insulators, 
anti-reflection coatings as well as passivation layers in a variety of applications 
including microbolometers, light emitting diodes, displays, sensors, solar cells and 
other photonic devices. In particular, the design of coatings (highly reflective and 
anti-reflective) requires accurate knowledge of the radiative properties of the 
dielectric material. 
With the rapid growth of application of materials in the infrared and 
advancements in related technology, manufacturers have begun to utilize infrared 
materials in the design and manufacture of micro-optics components such as 
band-pass filters, beam splitters, lenses, mirrors, and polarizers in the IR. These 
IR materials vary in their optical, mechanical, thermal and electrical properties, and 
these properties determine their applications in the IR. 
In this study, the radiative properties of dielectric materials for varying 
thicknesses at room temperature, are simulated using Multi-Rad. The thin films 
(dielectric materials) are considered to be suspended (free standing) in vacuum. A 
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standard blackbody is considered as the source of infrared radiation with an angle 
of incidence normal to the thin film surface (Blackbody temperature = 30 ºC; zero 
transmittance losses between source and sample). The smaller increment in 
spectral wavelength is 0.1 μm and the range of wavelengths in which the radiative 
properties are simulated is 1.5-14.2 μm.  
In Figures 4.4 and 4.5, plots of emissivity, reflectance and transmittance in 
arbitrary units, for varying thickness (0.1-3 µm) of the dielectric materials (Al2O3, 
SiO2, AlN and Si3N4), at room temperature (30 ˚C), are presented for the infrared 
wavelength range of 1.5-14.2 µm. The range of thickness of the dielectric films, 
considered in this study, are consistent with the industry standards. 
As can be seen in Figure 4.4a, the absorptance increases with increase in 
thickness of Al2O3 for the wavelength range of 4-14.2 µm, reaching its peak value 
of 0.76 at a wavelength of 13.6 µm. It may be observed that the transmittance, with 
varying thickness, is higher than 0.8 in the wavelength range of 1.5-8.5 µm; it 
shows a decreasing trend with increasing thickness in the wavelength range of 
8.5-14.2 µm. The corresponding reflectance is less than 0.2 in the wavelength 
range of 1.5 -10.9 µm; as can be seen in the wavelength range of 9.6-14 µm, the 
reflectance increases as the thickness is increased, reaching a peak value of 0.31 
at the wavelength of 12.3 µm. 
Figure 4.4b shows the increase in absorptance with increasing SiO2 
thickness. In the wavelength range of 4.8-14.4 µm, three peak values are observed 
at wavelengths of 8.4, 9.9 and 12.4 µm, with respective emissivity values of 0.60, 
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0.70 and 0.60. As can be noted, the transmittance is higher than 0.89 in the 
wavelength range of 1.5-7.5 µm, with a decreasing trend in the wavelength range 
of 7.5-14.2 µm as the thickness is increased. The lowest values of transmittance, 
with varying thickness, occur at 9.3 µm and 12.5 µm. It is observed that the 
reflectance increases with thickness, in the wavelength range of 7.4-14.2 µm, 
reaching its highest value of 0.7 at 9 µm. 
As can be seen in Figure 4.5a, the absorptance increases with increasing 
AlN thickness in the wavelength range of 7-14.2 µm, reaching a peak value of 0.68 
at 11.2 µm. It is found that the transmittance is higher than 0.64 in the wavelength 
range of 1.5-10.2 µm; it shows a decreasing trend with increase in thickness for 
wavelengths longer than 10.2 µm. The corresponding reflectance is increasing 
with increase in thickness, in the wavelength range of 10.2-14.2 µm, reaching the 
highest value of 0.45 at 14.2 µm. 
It is noted from Figure 4.5b that for Si3N4, the absorptance increases, as the 
thickness is increased, in the wavelength range of 5-14.2 µm, reaching its highest 
peak value of 0.84 at 9.4 µm. An increase in the Si3N4 membrane thickness causes 
an increase in the peak amplitude and it shifts to lower wavelengths. It is found 
that the transmittance is higher than 0.5 in the wavelength range of 1.5-6 µm, with 
a trend of decrease in transmittance with increase in thickness for wavelengths 
longer than 6 µm. 
In addition to the wavelength-dependent fundamental optical constants, n 
and k, the peaks in emissivity at different wavelengths (8-14 µm), for these 
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materials, is due to the associated vibrational modes of molecules. The implication 
of these peaks and the corresponding wavelengths is that these materials are 




Figure 4.4 Absorptance, transmittance and reflectance for varying thicknesses of 





Figure 4.5 Absorptance, transmittance and reflectance for varying thicknesses of 
(a) AlN and (b) Si3N4, at room temperature (30 ºC). 
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Tables 4.1-4.4 summarize the total infrared radiative properties of the 
dielectric materials studied in the spectral range considered (1.5-14.2 µm). From 
these tables, it is observed that Si3N4 exhibits the highest total absorptance values 
throughout the varying thickness range. The results of the evolution of radiative 
properties, as a function of dielectric material thickness, suggest the possibility to 
consider Al2O and Si3N4 as viable candidates to be used as IR radiation absorbers 
in the fabrication of uncooled microbolometers in the infrared spectral range of 8-
14 µm (atmospheric window). 
These results demonstrate that Si3N4 exhibits the highest total emissivity 
values in the spectral wavelength range of 8-14 µm, throughout the varying 
thickness range. Therefore, Si3N4 is considered in this study as the IR radiation 
absorber material of choice in the design of the proposed uncooled microbolometer 
in the infrared spectral range of 8-14 µm (atmospheric window). 
 
Table 4.1 Total Value of Radiative Properties of Al2O3 (spectral range: 1.5-14.2 
µm) 
 
Thickness (µm) 0.1 0.5 1 1.5 2 2.5 3 
Absorptance  0.052 0.168 0.233 0.280 0.328 0.375 0.415 
Transmittance 0.945 0.782 0.660 0.594 0.548 0.505 0.468 
Reflectance 0.030 0.050 0.106 0.126 0.124 0.120 0.117 
 
Table 4.2 Total Value of Radiative Properties of SiO2 (spectral range: 1.5-14.2 µm) 
 
Thickness (µm) 0.1 0.5 1 1.5 2 2.5 3 
Absorptance 0.061 0.141 0.182 0.227 0.266 0.297 0.329 
Transmittance 0.927 0.744 0.616 0.558 0.540 0.529 0.506 





Table 4.3 Total Value of Radiative Properties of AlN (spectral range: 1.5-14.2 µm) 
 
Thickness (µm) 0.1 0.5 1 1.5 2 2.5 3 
Absorptance 0.065 0.167 0.206 0.235 0.264 0.289 0.311 
Transmittance 0.925 0.702 0.588 0.566 0.549 0.519 0.493 
Reflectance 0.010 0.124 0.205 0.199 0.188 0.191 0.197 
 
Table 4.4 Total Value of Radiative Properties of Si3N4 (spectral range: 1.5-14.2 
µm) 
 
Thickness (µm) 0.1 0.5 1 1.5 2 2.5 3 
Absorptance 0.170 0.316 0.351 0.462 0.545 0.567 0.589 
Transmittance 0.796 0.413 0.319 0284 0.224 0.189 0.167 
Reflectance 0.034 0.270 0.330 0.254 0.231 0.244 0.245 
 
4.2.3 Dielectric Materials as Infrared Filters 
IR optical filters are used in many systems for military and commercial applications. 
These IR filters are essential components in the development of optical sensing 
systems that can be optimized by using materials better suited to the task. 
Materials such as calcium fluoride, germanium, optical glass N-BK7 and potassium 
bromide are the standard IR filter materials used by the IR industry, but at the 
microfabrication level, there is a need to replace them with new materials that are 
more compatible with the actual silicon-based microfabrication process. 
Table 4.5 provides a detailed comparison of the cut-off wavelengths and IR 
transmittance of the dielectric materials that have been considered, with varying 
thickness, in the spectral range of 1.5-14.2 µm. The results show that these 
dielectric materials can be considered as IR band-pass filters to transmit certain 
wavelength band at wavelengths in the IR spectral range and to block others (by 
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reflection and absorption) at longer wavelengths. From Figures 4.4 and 4.5, a trend 
in suppressing the IR radiation at longer wavelengths, as the thickness of the 
dielectric materials increase, is observed. 
The results of the evolution of the radiative properties, as a function of 
dielectric material thickness, show the possibility to consider these dielectric 
materials as band-pass optical filters and absorber materials in the IR spectral 
range considered. 
 
Table 4.5 Band-pass Range and Transmittance for Various Dielectric Materials 
Considered as IR Filters (spectral range: 1.5-14.2 µm; 30 ˚C) 
 
4.2.4 Silicon Nitride as IR Radiation Absorber 
Silicon nitride (Si3N4) is commonly used in the semiconductor industry as a 
passivation layer in integrated circuit (IC) fabrication, because it protects the 
electronics from the diffusion of water and alkali ions [90]. Silicon nitride is an 
excellent dielectric material [91] with a dielectric strength of the order of 107 V/cm 
and a reasonable thermal conductivity that is required to transfer heat from the 
microbolometer multilayer structure to the substrate [92]. Thin silicon nitride 
membranes are almost transparent in the infrared range except for a wide 
absorption peak exhibited around 12 µm [93]; this absorptance peak is due to the 
Dielectric Materials Al2O3 SiO2 AlN Si3N4 
Band-pass range 
(µm) 
1.5-8.5 1.5-7.5 1.5-10.2 1.5-6.0 
Transmittance ≥ 0.80 ≥ 0.89 ≥ 0.64 ≥ 0.50 
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vibrations of the diatomic basis of silicon nitride and it grows in amplitude as the 
nitrogen content is raised [94]. An increase in the silicon nitride membrane 
thickness causes an increase in the peak amplitude and it shifts to lower 
wavelength [95]. 
4.2.5 Microbolometer - Electrical Interconnection and IR Reflective Layer 
In this study, aluminum (Al) was selected as an electrical interconnection material 
to the read-out integrated circuit (ROIC) because it provides an excellent Ohmic 
contact with the low doped p-Si thermosensing element [96]. When the device is 
heated to about 550 ºC, after the aluminum interconnection layer has been 
deposited on p-type silicon, aluminum diffuses into silicon yielding a highly 
conductive heavily doped p+-region. Aluminum is commonly used as interconnect 
due to its low electrical resistivity (ρ=2.65 µΩ-cm) that introduces a low noise 
contribution to the system [97]. Also, aluminum is easy to deposit, does not 
contaminate Si and exhibits excellent adhesion to dielectrics. 
The proposed microbolometer structure is suspended over a cavity with a 
gold (Au) layer deposited under it and on top of the substrate surface. Gold has a 
high reflectivity close to unity in the infrared region. The gold layer, in combination 
with the cavity thickness, creates a resonant cavity, enhancing the radiation 
absorptance of the multilayer stack. 
4.2.6 Optical Constants of Microbolometer Materials 
The microbolometer materials were chosen, based on their electrical, thermal, 
mechanical and optical properties. The interaction of radiation with matter is 
determined by the radiation wavelength, the surface nature and the optical 
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properties of the material. The index of refraction 𝑛 and the extinction coefficient 𝑘 
describe the material optical properties and determine their radiative optical 
properties. 
Silicon is almost transparent in the infrared wavelength range. The optical 
constants of the thermosensing p-type silicon layer, considered with a low doping 
concentration of 1016 cm-3, are similar to that of undoped silicon. Figure 4.6 shows 
the optical constants of silicon, in the infrared spectral range of 0-25 µm [98]. As 
can be seen in this figure, the extinction coefficient is negligible throughout the 
infrared spectral range. An increase in the silicon membrane thickness causes an 




Figure 4.6 Optical constants (𝑛 and 𝑘) of silicon. 
Source: [98]. 
 
Thin silicon nitride membranes are almost transparent in the infrared range 
except for a wide absorption peak that is exhibited around 12 µm. Figure 4.7 shows 
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the optical constants of silicon nitride in the infrared spectral range of 0-15 µm. It 
is evident from this figure that the peak of the extinction coefficient is at 12 µm. 
This peak is due to the vibrations of the diatomic basis of silicon nitride [94]. An 
increase in the silicon nitride membrane thickness causes an increase in the 




Figure 4.7 Optical constants (𝑛 and 𝑘) of silicon nitride. 
Source: [99]. 
 
Metals with large electrical conductivities are characterized by a large 
reflectivity in the infrared spectral range. Gold and aluminum have a high 
reflectivity close to unity in the infrared region considered, that is suggested by 
large extinction coefficient throughout the infrared spectral range. Figures 4.8 and 
4.9 show optical constants of aluminum and gold in the infrared spectral range of 
0-200 µm and 0-25 µm, respectively [100,101]. Gold is utilized as the infrared 
radiation reflective layer to enhance the radiation absorptance of the multilayer 
stack chosen in this work, because aluminum can be oxidized as a result of the 
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The total reflectivity values of aluminum and gold are predicted by Multi-
Rad, as function of thin film thickness, in the spectral range considered (8 – 14 
μm). When the thin film thickness is larger than 0.1 µm, the total reflectivity is 
constant; the transmittance is negligible and the absorptance is less than 2%, as 
can be seen in Figure 4.10. 
 
 
Figure 4.10 Total reflectance of aluminum and gold. 
 
 
4.3 Microbolometer Structural Design 
In a standard infrared imaging system, single IR detector elements (pixels) are laid 
out in a two-dimensional array, called focal plane array (FPA). The microbolomer, 
proposed in this work, has the potential for applications in focal plane array imaging 
systems. The thermal isolation and efficient radiation absorption of single detector 
elements (microbolometers) are the key factors for high performance infrared focal 
plane array systems [102]. 
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The uncooled microbolometer two-level structure, considered in this study, 
was originally developed and patented by Honeywell Inc., and licensed to several 
companies for the development and manufacture of focal plane arrays of uncooled 
microbolometers. 
The performance of a microbolometer is determined by the material 
characteristics and its structural design parameters (structure geometry and 
dimensions) [103]. In order to obtain a high performance microbolometer, some 
conditions are required in the design of the multilayer structure. These include the 
following: 
1- High temperature coefficient of resistance, TCR, of thermosensing 
material; 
 
2- Efficient absorption of IR radiation by the absorber layer; 
3- Low thermal conductance with surroundings; 
4- Low thermal capacitance of pixel; 
5- Fast response; 
6- Low noise. 
Efficient IR radiation absorption by the absorber layer, in combination with 
a thermosensing material with high TCR, provides a high responsivity of the 
microbolometer. 
A high TCR of the thermosensing material is key to the performance of the 
detector. In order to obtain a high TCR, a low doping concentration that leads to a 
high electrical resistivity is required. This increases the Johnson noise and is 
undesirable for the read-out integrated circuit. Consequently, a trade-off must be 
found between the TCR and the detector electrical resistivity. 
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One of the most important microbolometer design parameters is a low 
thermal conductance between the bolometer and its surroundings (important at 
low frequencies); this is the reason why conventional bolometers operate in a 
vacuum package to reduce the thermal conductance between the bolometers and 
their surroundings through the surrounding gas. The vacuum environment makes 
possible that the principal heat loss occurs by the conduction path through the 
support structure of the suspended membrane to the substrate. Microbolometers 
need to be packaged in vacuum with vacuum levels < 0.01 mbar [104]. The support 
structure provides three functions: mechanical support, a thermally conducting 
path, and an electrically conducting path. The thermal conductance through the 
supports arms can be minimal, reducing the cross-sectional area, increasing the 
length and using materials with low thermal conductivity. The optimum thermal 
isolation of the microbolometer structure can be obtained in devices with the 
microbolometer multilayer structure suspended over a cavity [105]. 
In order to minimize the thermal capacitance (important at high frequencies) 
per unit of area of the microbolometer, it is needed to reduce the thermal mass of 
the multilayer structure while maintaining a high absorption. The lower the thermal 
capacitance of the suspended structure, the lower the thermal time constant 
response required by the imaging system [106]. 
The most important parameters of a thermal infrared sensor for use in an 
imaging system are high responsivity and short thermal time constant response. 
High responsivity is achieved by increased absorption and a short thermal time 
response requires small heat capacity of the structure and a high thermal 
67 
 
conductance to the substrate. When the thermal conductance decreases, the 
thermal time constant response increases and the responsivity decreases. When 
the thermal capacity decreases, the thermal time constant response decreases 
and the responsivity decreases. A desired high responsivity and fast thermal time 
constant response in a microbolometer cannot be achieved; a trade-off is needed 
depending on the microbolometer application requirements [107]. 
In the proposed two-level structure, an upper square-shaped multilayer 
stack is thermally isolated in vacuum and connected to the substrate through two 
legs, that act as structural support (Si3N4), thermal path and interconnection (Al) to 
the read-out integrated circuit (ROIC) on the substrate. The thermally isolated 
structure consists of a suspended membrane (detector element) composed of 
three layers: Si3N4 layer as a passivation and antireflective element, low doped p-
type silicon layer acting as a thermosensing active element and Si3N4 as an IR 
radiation absorber layer. The lower level (silicon substrate) consists of a thin layer 
of Au acting as an IR radiation reflection layer, deposited on a silicon dioxide (SiO2) 
layer on top of the substrate (Si). The two multilayers are separated by a cavity 
(gap) that, in combination with the thin film of Au, creates a resonant cavity and 
increases the infrared radiation absorption in the infrared region considered. In 
order to enhance the IR radiation absorption in the microbolometer upper level 
membrane, a resonant optical cavity (Fabry-Perot) structure that is optimized for 
the targeted wavelength interval is required [108]. The two-level microbolometer 






Figure 4.11 Schematic of the proposed microbolometer (Two-level 50 x 50 µm2).  
 
4.4 Optimization of Microbolometer Radiative Properties 
Optical modeling of radiative properties of materials is an essential tool that 
provides the theoretical information required to be considered in the optimization 
and structural design approach. In the proposed microbolometer, the optical 
radiative properties of the microbolometer multilayer structure are predicted using 
the matrix method of multilayers (Multi-Rad). The simulated results help to 
understand the material properties and integration process and, at the same time, 
reduce the fabrication costs. 
The stacked layer structure of the proposed microbolometer is considered 
to be at room temperature (30 ºC), thermally isolated and suspended in vacuum, 
i.e. "free standing", as shown in Figure 4.12. A standard blackbody is considered 
as the source of infrared radiation (30 ºC, zero transmission loss). The incident 
radiation angle is considered to be perpendicular to the surface of the stacked 
layer; the smaller increment in spectral wavelength is 0.1 μm and the range of 
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wavelengths in which the spectral radiative properties are calculated is 8-14 μm 
(atmospheric window).  
The optical constants of the materials, considered in the design (Al, Au, and 
Si3N4) of the multilayer stack, are from the sources in the literature [94, 98, 99, 100, 
101,109,110]; the optical constants of Si and low doped p-Si are from the Multi-
Rad data. All material optical properties were validated with experimental data 




Figure 4.12 Cross-sectional schematic of proposed microbolometer multilayer 
structure. 
 
In the top level structure, the upper Si3N4 layer, i.e. the passivation layer, is 
fixed at a thickness of 0.005 μm. The p-silicon layer is modeled with thickness of 
0.097, 0.145 and 0.290 μm that correspond to a resistance value of 150, 100 and 
50 Kilo-Ohm (KΩ), respectively. The top level (pixel) is a square-shaped multilayer; 
as a result, the resistance of the pixel is a function of the thickness of p-Si. The 
thickness of the lower Si3N4 absorber layer and the vacuum cavity are optimized 
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in order to achieve the highest infrared absorptance in the spectral range 
considered. In the bottom level structure, the thickness of the Au reflective layer is 
fixed at 0.1 μm to obtain the maximum possible reflectivity; the thickness of the 
SiO2 is considered to be 0.005 µm and the silicon substrate thickness is considered 
to be 525 μm. The values of the thicknesses of various layers, considered in this 
study, are based on commercially available bolometer structures. 
In order to understand and interpret the optical properties of the proposed 
microbolometer structure, the optical properties of each component layer has been 
considered in detail. This analysis will further facilitate to understand the required 
enhancement of the IR absorptance throughout the infrared spectral range (8-14 
μm). 
In the simulation studies presented here, the absorptance optimization of 
the proposed structure is divided in two parts. First, the study of the optical 
properties of the top level multilayer structure i.e. “free standing” in vacuum without 
the reflective effects of the bottom layers, as a function of the (lower) Si3N4 infrared 
absorber layer, is simulated as function of thickness. Second, the simulation of the 
optical properties of the entire multilayer structure, that consists of the top layers-
vacuum cavity-bottom layers, as a function of thickness of vacuum cavity, is 
performed. The optimization procedure was implemented for each value of the p-
Si thickness considered, in order to obtain the highest possible absorptance in 
each case. 
Based on the above considerations, the total values of the optical 
properties, as a function of wavelength (8-14 μm), were simulated by Multi-Rad. In 
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Figures 4.13-4.15, the results of the simulated reflectance, transmittance and 
absorptance, as function of Si3N4 thickness for the top layer (free standing) of the 
proposed bolometer structure, are presented. 
One of the important parameters that determines the performance of a 
microbolometer is a low heat capacity. In order to minimize the heat capacity, the 
thermal mass of the pixel (top level structure) must be reduced. In each case, the 
thickness of the Si3N4 IR radiation absorber layer is chosen to achieve the 
maximum absorptance, considering the effect of the Au reflective layer and the 
resonant cavity on top of the lower structure level, while keeping the absorber layer 
as thin as possible. 
As can be seen in Figures 4.13 and 4.14, the optimum combination of 
optical properties corresponds to Si3N4 thickness of 2 μm and for the p-Si thickness 
of 0.097 μm and 0.145 μm. For the case with p-Si thickness of 0.290 μm (Figure 
4.15), the optimum combination of optical properties corresponds to Si3N4 
thickness of 1.5 μm. 
After performing the optimization of the thickness of the top layers, the 
vacuum cavity depth is optimized to establish optical resonance and maximize the 
IR radiation absorption. The simulation of the optical properties of the two-level 
multilayer structure, that consists of the top layers-cavity-bottom layers, as a 







Figure 4.13 Simulated total reflectance, transmittance and absorptance as 
function of variable Si3N4 thickness for the top layer (free standing) of the proposed 





Figure 4.14 Simulated total reflectance, transmittance and absorptance as 
function of variable Si3N4 thickness for the top layer (free standing) of the proposed 







Figure 4.15 Simulated total reflectance, transmittance and absorptance as 
function of variable Si3N4 thickness for the top layer (free standing) of the proposed 
microbolometer structure (p-Si thickness=0.290 µm). 
 
In Figures 4.16-4.18, the results of the simulated reflectance and 
absorptance, as function of cavity thickness for the proposed bolometer structure 
(two-level structure -Figure 4.12), are presented. The gold layer reflects the 
radiation transmitted by the top level multilayer structure with a negligible radiation 
transmitted through the lower multilayer. As can be seen in Figures 4.16-4.18, the 
maximum absorptance corresponds to cavity thickness of 2.0, 1.5 and 2.5 μm for 
p-Si thickness of 0.097, 0.145 and 0.290 μm, respectively.  
The optimum resonant cavity thickness is not equal to λ/4 at the center of 
the operating wavelength range, because the two-level microbolometer structure 
consists of stacked multilayers with different thickness and complex refractive 
indices. These multilayers act together as a complex structure of cascaded Fabry-
Perot (FP) optical resonators, and thus radiative modeling is the most accurate 
way to find optimum resonant cavity thickness. Each stacked multilayer has a 
specific transfer matrix function, which depends on the complex refractive indices, 
extinction coefficients, absorptions, reflections, and transmissions of the different 






Figure 4.16 Simulated total reflectance and absorptance as function of cavity 





Figure 4.17 Simulated total reflectance and absorptance as function of cavity 







Figure 4.18 Simulated total reflectance and absorptance as function of cavity 
thickness for the proposed microbolometer structure (two-level structure) (p-Si 
thickness=0.290 µm). 
 
Table 4.6 shows the optimized total IR radiation absorbed and reflected in 
the spectral range considered for the two-level multilayer structure for three fixed 
thickness of p-Si. The total absorptance is generally greater than 80% for the three 
different p-silicon thicknesses considered and the transmittance is negligible. 
 
Table 4.6 Optical Properties of the Proposed Two-Level Multilayer Structure 












0.097 2.0 2.0 18.0 82.0 
0.145 2.0 1.5 15.1 84.9 
0.290 1.5 2.5 12.8 87.2 
 
Figures 4.19-4.21 show the evolution of the radiative properties of the 
proposed two level multilayer structure for p-Si thickness (0.097, 0.145, 0.290 μm): 
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the top level free standing structure without the bottom level structure and with the 
optimized resonant cavity combined with the reflective gold layer deposited on top 
of the bottom level (substrate). As can be seen in Figures 4.19-4.21, the resonant 
cavity, in combination with the reflective gold layer, enhances the infrared radiation 
absorptance throughout the spectral range considered, reaching the highest 
absorptance peaks at 8.8 µm and 10.5 µm. It is in this atmospheric spectral region 
where objects register maximum infrared radiation emissivity (𝜆𝑚𝑎𝑥=9.66 µm) at 




Figure 4.19 Evolution of simulated optical spectra of the proposed two-level 






Figure 4.20 Evolution of simulated optical spectra of the proposed two-level 





Figure 4.21 Evolution of simulated optical spectra of the proposed two-level 
multilayer with/without cavity-Au layer (p-Si thickness 0.290 μm). 
 
The optimized resonant cavity, in combination with the IR reflective gold 
layer, enhances the total absorptance of the free standing multilayer to 15.28%, 
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15.83% and 19.72% for p-Si thickness of 0.097, 0.145 and 0.290 μm, respectively, 
as can be seen in Table 4.7. 
 





cavity/Au layer (%) 
Absorptance with 
cavity/Au layer (%) 
Increment of 
absorptance (%) 
0.097 71.13 82.0 15.28 
0.145 73.3 84.9 15.83 
0.290 72.9 87.2 19.72 
 
Simulations of the optical properties for the two-level stacked structure of 
Si3N4/p-Si/Si3N4/Vacuum/Au/Si, in the considered spectral range, are presented in 
Figures 4.22-4.24, for different fixed thicknesses of p-Si (as in Table 4.7). In 
general, it can be observed that the optical spectra of the multilayer structure are 
in accord with the optical properties of Si3N4 in the long wavelength infrared, i.e. 8-
14 μm; the absorptance is enhanced by the optimization of the resonant vacuum 
cavity thickness in combination with the Au reflective layer. The transmittance is 
negligible as a result of the reflectivity of the Au layer on top of the Si substrate 
layer. In summary, in each case, the peak in the absorptance for the proposed 
bolometer structure, in the spectral range of 9-11 μm, is due to the vibrations of 
the diatomic basis of silicon nitride, and the peak at 8.5 μm is a result of the 
optimization of the vacuum resonant cavity. The maximum absorptance is 
achieved for p-Si layer with thickness of 0.290 μm that corresponds to the lowest 





Figure 4.22 Simulated optical spectra of Si3N4/p-Si/Si3N4/Vacuum/Au/SiO2/Si (p-





Figure 4.23 Simulated optical spectra of Si3N4/p-Si/Si3N4/Vacuum/Au/SiO2/Si (p-






Figure 4.24 Simulated optical spectra of Si3N4/p-Si/Si3N4/Vacuum/Au/SiO2/Si (p-
Si thickness 0.290 μm). 
 
4.5 Numerical Calculations of Microbolometer 
 
Numerical calculations provide predictions of device performance based on the 
relationship between material properties and design geometry. The performance 
of microbolometers is determined by the properties (optical, electrical, mechanical 
and thermal) of the material used and the geometry and dimension of the structure. 
In order to be used by the imaging industry in the fabrication of FPA, the 
size of the microbolometer IR absorption area (pixel) should be maximized in 
relation to the total area consumed by the microbolometer. The parameter that 
defines the portion of the microbolometer pixel area that is used to absorb the 
incident infrared radiation is defined as the fill factor. The fill factor is the ratio of 
the IR radiation absorber area to the total area of a single microbolometer (pixel). 
A high fill factor corresponds to a high efficiency of IR radiation energy absorption. 
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Standard infrared microbolometer arrays typically have a fill factor between 60 % 
and 70 % [111]. 
The infrared imaging industry requires detectors with high responsivity, low 
noise equivalent temperature difference and the capability to function at a high 
frame rate. This is only possible if thermal conductance and thermal capacitance 
are optimized. The thermal conductance and thermal capacitance are critical and 
a trade-off is required in the optimization of the microbolometer. Thermal 
capacitance is determined by the suspended multilayer structure and thermal 
conductance by the support arms to the substrate. 
The performance of the microbolometer is dependent on thermal isolation. 
In order to maximize the thermal isolation, the thermal conductance through the 
support arms (heat link) between the pixel and the substrate is needed to be 
minimized. Thermal conductance depends on the thermal conductivity and 
geometry (dimensions) of the support arms. Reducing the cross sectional area and 
increasing the length of the arms decreases the thermal conductance. However, 
the stability of the thermally isolated support structure needs to be considered. At 
low frequencies, the detector responsivity is determined by the thermal 
conductance of the support arms. The thermal conductance is inversely 
proportional to the thermal time constant and to the responsivity of the detector. 
Therefore, an optimum geometry and dimensions of the support arms will allow to 
achieve the maximum responsivity that is possible with the thermal time constant 
required for imaging applications. The thermal conductance by conduction through 
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the considered heat links (arms) to the heat sink is the combination of three layers 
(Si3N4/Al/Si3N4). 
The thermal capacitance is a function of thermal mass; in order to minimize 
the thermal capacitance, the thermal mass must be reduced. At high frequencies, 
the responsivity is determined by the thermal conductance and the modulation 
frequency of the radiation. The thermal capacitance of the top level multilayer 
considered is the combination of the three layers (Si3N4/p-Si/Si3N4). 
The optical modeling of the radiative properties of the proposed multilayer 
structure clearly shows that the multilayer, with p-type Si thickness of 0.290 µm, 
achieves the highest total radiation absorptance (87.2 %) with the smaller thermal 
mass. This multilayer two-level structure is considered to be the optimum choice 
in the modeling of numerical calculations. 
The dimensions and materials of the proposed microbolometer structure 
were determined in order to optimize the detector response for applications in 
infrared imaging. The proposed microbolometer (Figure 4.11) square-shaped 
multilayer (pixel) dimension is chosen to be 50x50 µm2 that is consistent with 
commercial high-resolution imaging. The p-type Si thermosensing layer is 
encapsulated between two Si3N4 electrical insulation layers. Aluminum is used as 
interconnection between the p-type Si element and the ROICs on the substrate, 
due to its excellent Ohmic contact, low electrical resistivity and low noise 
contribution. The aluminum interconnection has a width of 4 µm and thickness of 
0.1 µm; it is deposited over the lower layer of Si3N4 and the thermal sensing 
element of p-Si to ensure the Ohmic contact, as shown in Figure 4.25. Each 
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support arm has a length of 55 µm with an area of 8.05 µm2 (width = 5 µm and 
thickness = 1.605 µm). The fill factor of the proposed device structure is 64.1 %. 
The ROIC circuit is placed under the microbolometer membrane to reduce the fill 
factor and increase the absorption area of an array of microbolometer elements to 
conform to a focal plane array for imaging systems, maximizing the efficiency of 
the incident radiation absorption. Figure 4.11, shows a schematic of the proposed 
microbolometer. Physical and thermal properties of the materials considered in the 
numerical calculations at 25 ºC [112] are summarized in Table 4.8. 
 
 
Figure 4.25 Top-view schematic of the proposed microbolometer multilayer 
structure (interconnection Ohmic contact). 
 
 
Table 4.8 Physical and Thermal Properties of Materials Used in the Proposed 
Microbolometer [112] 
Material Al Si3N4 p-Si 
Specific heat capacity  (Jg-1K-1) 0.900 0.733 0.704 
Density (gcm-3) 2.7 3.1 2.3 




The proposed microbolometer figures of merit were calculated considering 
a blackbody radiation source in the infrared wavelength range of 8-14 µm, with an 
angular modulation frequency in the range of 0-10000 Hz. 
The bias voltage applied to the voltage divider circuit is considered to be 2, 
4 and 6 V, and the load resistor is chosen to match the microbolometer resistance; 
Therefore, the voltage applied to the microbolometer is half the voltage bias 
applied to the voltage divider circuit (1, 2 and 3 V). The microbolometer is 
considered to operate in a vacuum package to minimize the thermal conduction 
between the device and the surroundings; Consequently, no transmission losses 
are considered by convection from the microbolometer. Johnson noise is 
considered as the predominant source of noise because the thermosensing 
element is single crystal silicon. 
Microbolometer parameters such as thermal conductance, thermal 
conductivity, thermal time constant, detector noise bandwidth and electrical noise 
depend exclusively on emissivity (or absorptance) of the multilayer stack; also, the 
device performance depends on the geometrical and thermal properties of the 
materials and are independent of the angular frequency of modulation of radiation. 
Table 4.9 shows the numerical results of these parameters for p-Si with varying 
thickness. The microbolometer figures of merit (responsivity, normalized 
detectivity and noise equivalent power) depend on the previously mentioned 
parameters and are function of the radiation modulation frequency and the applied 
bias voltage. Responsivity and noise values determine the microbolometer 
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performance, calculated in terms of 𝑁𝐸𝑃 and 𝐷∗. Johnson noise is a function of 
noise bandwidth and the detector resistance, as can be seen in Table 4.9. 
 
Table 4.9 Parameters of Proposed Microbolometer  
 
p-Si thickness (µm) 0.097 0.145 0.290 
Resistance 𝑅𝑏𝑜𝑙 (kΩ) 150 100 50 
Thermal conductance 𝐺𝑒 
(WK-1) 
1.001x10-5 1.001x10-5 8.357x10-6 
Thermal capacitance 𝐶𝑡ℎ 
(JK-1) 
2.054x10-8 2.054x10-8 1.779x10-8 
Thermal time constant 𝜏𝑒 
(ms) 
2.052 2.052 2.129 
Cut-off frequency 𝑓𝑐 (Hz) 487 487 469 
Noise bandwidth ∆𝑓 (Hz) 77.543 77.546 74.754 
Johnson noise 𝑉𝑗 (V) 1.255x10
-8 1.300x10-8 2.489x10-7 
 
4.5.1 Figures of Merit  
Figures of merit were calculated for the proposed three two-level multilayer 
structures. The structure with p-Si thickness of 0.290 µm exhibits the highest 
values of 𝑅𝑣 and 𝐷
∗, and the lowest values of 𝑁𝐸𝑃 throughout the IR source 
modulation frequency considered. Figures 4.26-4.28 show these figures of merit 
(p-Si thickness 0.290 μm) as function of modulation frequency of radiation source 
(0-1000 Hz) with a bias voltage applied to the microbolomer of 1, 2 and 3 volts. 
As can be seen in Figures 4.26 and 4.28, 𝑅𝑣 and 𝐷
∗ show a decreasing 
trend as function of IR source radiation modulation frequency. At the cut-off 
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frequency 𝑓𝑐   (-3 dB frequency) of 469 Hz, the responsivity and normalized 
detectivity attain 70 % of their value when the IR source radiation modulation 
frequency is 0 Hz. It is evident that, at low frequencies, the detector responsivity is 
inversely proportional to the thermal conductance of the heat link; and at high 
frequencies, the detector responsivity is inversely proportional to the thermal 
capacitance and falls off inversely with the frequency of the optical signal. As can 
be seen in Figure 4.27, 𝑁𝐸𝑃 increases linearly with modulation frequency of the IR 
source. 
The responsivity and normalized detectivity can be enhanced by increasing 
the bias voltage, but it will also increase the Joule heating. The normalized 






Figure 4.26 Calculated 𝑅𝑣 as function of applied bias voltage and modulation 





Figure 4.27 Calculated 𝑁𝐸𝑃 as function of applied bias voltage and modulation 





Figure 4.28 Calculated 𝐷∗ as function of applied bias voltage and modulation 






4.5.2 𝑵𝑬𝑻𝑫 of Microbolometer 
In the numerical calculation of 𝑁𝐸𝑇𝐷, the IR source is considered to be a blackbody 
source. The transmittance of the optics system 𝜏0 is considered to be 0.9 (Ge lens); 
and the atmospheric transmittance 𝜏𝑎 is considered to be lossless. Germanium is 
commonly used as IR filter, with a radiation transmittance of 0.9 over the 




⁄ , is considered to be 1, 2 and 3 that correspond to optics lenses 
diameters of equal, half and one-third of the focal length, respectively. The imaging 
system is shown in Figure 2.4 (Schematic diagram of optical system). 
Figures 4.29-4.31 show the 𝑁𝐸𝑇𝐷 (p-Si thickness 0.290 μm) as function of 
source radiation modulation frequency and applied bias voltage to the 
microbolometer for focal number equal to 1, 2 and 3 of the optical detection 
imaging system. 
The results of 𝑁𝐸𝑇𝐷 show that for practical applications, the proposed two-
level structures, with p-silicon thickness 0.097 and 0.145 µm, could be used as IR 
radiation detectors. Nevertheless, they do not represent the requirements of the 
imaging industry that requires 𝑁𝐸𝑇𝐷 to be lower than 100 mK. 
As is evident in Figures 4.29-4.31, the microbolometer with thickness of p-
Si of 0.290 µm exhibits an 𝑁𝐸𝑇𝐷 of less than 100 mK, for a voltage bias of 3 V, 
𝑓
#⁄ =1, and for a source modulation frequency of 469 Hz. The thermal time 
constant of 2.129 ms allows the imaging system to operate at a standard frame 







Figure 4.29 Calculated 𝑁𝐸𝑇𝐷 as function of applied bias voltage and modulation 
frequency ω of IR source at 
𝑓





Figure 4.30 Calculated 𝑁𝐸𝑇𝐷 as function of applied bias voltage and modulation 
frequency ω of IR source at 
𝑓







Figure 4.31 Calculated 𝑁𝐸𝑇𝐷 as function of applied bias voltage and modulation 
frequency ω of IR source at 
𝑓
#⁄ =3 (p-Si thickness 0.290 µm). 
 
4.6 Numerical Calculations of Improved Microbolometer 
In order to achieve 𝑁𝐸𝑇𝐷 values lower than 100 mK, some of the proposed 
parameters of the two-level structure must be modified. Equation 2.37 defines 
𝑁𝐸𝑇𝐷 , and to reduce its value, the 𝐷∗ of the detector must be increased. 𝐷∗ is 
proportional to 𝑅𝑣, as can be seen from Equations 2.34 and 2.35. The thermal 
capacitance 𝐶𝑡ℎ was optimized and fixed; therefore, 𝐺𝑐𝑜𝑛𝑑 is the parameter to be 
modified in order to reduce the 𝑁𝐸𝑇𝐷. By increasing the length of the support arms 
to the heat sink, the thermal conductance by conduction will decrease as can be 
seen from Equation 2.5, increasing the responsivity and as a final result, 
decreasing 𝑁𝐸𝑇𝐷. 
To reduce 𝑁𝐸𝑇𝐷, the proposed two-level structure was modified, 
considering doubling the lengths of the arms to 110 µm, while the rest of the 
geometrical parameters were kept unchanged. The fill factor of this modified 
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structure is 51.0 %. Figure 4.32 shows the schematic of the improved two-level 
microbolometer thin film layer structure. The new microbolometer parameters, for 
each p-Si thickness considered, are numerically calculated and are summarized 
in Table 4.10. The thermal time response is less than 5 ms for the three p-Si 
varying thickness, allowing them to be used by imaging system that operates at 
frame rates in the range of 9-80 Hz. Comparing Tables 4.9 and 4.10, we can see 












Table 4.10 Parameters of Modified Proposed Microbolometer  
 
p-Si thickness (µm) 0.097 0.145 0.290 
Resistance 𝑅𝑏𝑜𝑙 (kΩ) 150 100 50 
Thermal conductance 𝐺𝑒 
(WK-1) 
5.101x10-6 5.101x10-6 4.261x10-6 
Thermal capacitance 𝐶𝑡ℎ 
(JK-1) 
2.054x10-8 2.054x10-8 1.779x10-8 
Thermal time constant 𝜏𝑒 
(ms) 
4.027 4.026 4.176 
Cut-off frequency 𝑓𝑐 (Hz) 248 248 239 
Noise bandwidth ∆𝑓 (Hz) 39.53 39.53 38.12 
Johnson noise 𝑉𝑗 (V) 3.134x10
-7 2.559x10-7 1.777x10-7 
 
4.6.1 Figures of Merit of Improved Microbolometer 
Figures of merit calculation for the modified structure show increase in 𝑅𝑣 and 𝐷
∗, 
with a decrease in  𝑁𝐸𝑃 ; which is a significant improvement over the original 
proposed structure. The small increase in 𝜏𝑒 still allows the microbolometer to 
operate at frame rates in the standard range of commercial imaging systems. The 
changes in the figures of merit are a direct result of the increase in 𝐺𝑒. 
Figures of merit were calculated for the proposed three two-level multilayer 
structures. The structure with p-Si thickness of 0.290 µm results in the highest 
values of 𝑅𝑣 and 𝐷
∗, and with the lowest values of 𝑁𝐸𝑃. Figures 4.33- 4.35 show 
these figures of merit as function of modulation frequency of radiation source (0-
10000 Hz) with a bias voltage applied to the microbolomer of 1, 2 and 3 volts for 





Figure 4.33 Calculated 𝑅𝑣 as function of applied bias voltage and modulation 





Figure 4.34 Calculated 𝑁𝐸𝑃 as function of applied bias voltage and modulation 






Figure 4.35 Calculated 𝐷∗ as function of applied bias voltage and modulation 
frequency ω of IR source (p-Si thickness= 0.290 µm). 
 
4.6.2 𝑵𝑬𝑻𝑫 of Improved Microbolometer 
Figures 4.36-4.38, show the  𝑁𝐸𝑇𝐷 for the improved microbolometer with p-Si 
thickness= 0.290 µm, as function of modulation frequency of IR source and applied 
bias voltage to the microbolometer for focal number equal to 1, 2 and 3 . 
The 𝑁𝐸𝑇𝐷 results from Figure 4.36 show that at 
𝑓
#⁄ =1 and at all bias 
voltages considered, the 𝑁𝐸𝑇𝐷 is lower than 100 mK for sources with modulation 
frequencies under 239 Hz. Figure 4.37 shows that at 
𝑓
#⁄ =2 and at bias voltages 
of 2 and 3 V, the 𝑁𝐸𝑇𝐷 is lower than 100 mK for sources with modulation 
frequencies under 239 Hz. Figure 4.38 shows that at 
𝑓
#
⁄ =3 and at bias voltages 







Figure 4.36 Calculated 𝑁𝐸𝑇𝐷 as function of applied bias voltage and modulation 
frequency ω of IR source at 
𝑓





Figure 4.37 Calculated 𝑁𝐸𝑇𝐷 as function of applied bias voltage and modulation 
frequency ω of IR source at 
𝑓








Figure 4.38 Calculated 𝑁𝐸𝑇𝐷 as function of applied bias voltage and modulation 
frequency ω of IR source at 
𝑓
#⁄ =3 (p-Si thickness 0.290 µm). 
 
4.6.3 Summary 
The initial proposed microbolometer structure does not achieve the 𝑁𝐸𝑇𝐷 values 
required by the imaging industry. Therefore, in order to meet the standard 
performance parameters of the IR imaging industry, the initial proposed 
microbolometer structure had to be modified. Increasing the length of the support 
arms of the microbolometer increases the thermal conductance. This results in an 
increase in the responsivity and the normalized detectivity, while the thermal 
response time increases to 96 %. The noise equivalent power decreases as the 
modulation frequency of IR source increases. 
There is a significant improvement in the figures of merit and the 
performance of the modified proposed microbolometer with respect to the initial 




The noise equivalent temperature difference results show that the modified 
microbolometer structure, with twice the length of the arms, meets the 
requirements of the standard imaging industry, achieving values lower than 50 mK 
at 
𝑓
#⁄ =1 in comparison with the initial structure that achieves higher values at the 
same focal number and applied bias voltage. The thermal time constant increases 
from 2.129 ms to 4.176 ms; this allows the imaging system to operate at a standard 
range of 9-80 Hz. The increase in the thermal time constant decreases the cut-off 





MICROBOLOMETER FABRICATION PROCESS 
 
5.1 Method of Microbolometer Fabrication  
The most common manufacturing approach for microbolometers is monolithic 
integration [113-115]. Monolithic integration process is a cost-efficient and well-
established post CMOS process in which the read-out integrated circuit (ROIC) 
can be efficiently placed underneath the microbolometer suspended membrane. 
This is in contrast to the bulk-micromachining manufacturing method in which the 
ROIC is placed besides the microbolometer, reducing the fill factor [116]. In the 
monolithic integration microfabrication process, the ROIC is pre-manufactured and 
the microbolometer material layers are subsequently deposited and patterned on 
top of the substrate wafer. A stable high-temperature material is used as the 
sacrificial layer. In the final step of the microfabrication process, the sacrificial layer 
is removed in an oxygen plasma to obtain the free-standing, thermally isolated 
microbolometer two-level structure [117]. 
The proposed microbolometer is fabricated using standard microfabrication 
techniques. The substrate considered is an industrial standard silicon wafer with a 
diameter of four inches and thickness of 525 µm. 
A method of fabrication of the two-level suspended IR microbolometer is 
described in detail. The fabrication approach considered is monolithic integration, 
in which thin film layers are deposited and patterned; this process is cost effective 
and is an established post CMOS process. The design and fabrication of this 
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device has six photolithography steps (photomask) throughout the fabrication 
process. The layers may be patterned by various photolithography and etching 
techniques. 
The fabrication process is shown in Figure 5.1 (Process flow of two-level 
micro-bolometer). Figure 5.1 shows the fabrication process (cross- section view) 
for the initial proposed microbolometer structure and this process flow can be used 
in the fabrication of the modified microbolometer structure with twice the length of 
the arms. The fabrication method starts with the deposition of a thin dielectric layer 
over a single side polished silicon wafer (substrate), that acts as a dielectric 
insulator between the substrate, the reflective gold layer and the ROIC metal pad. 
The thin dielectric layer may include SiO2 or Si3N4, and may be deposited by 
thermal oxidation, chemical vapor deposition (CVD), or physical vapor deposition 
(PVD) techniques. An IR radiation reflective layer of gold (Au) and the ROIC are 
deposited over the dielectric layer. They are deposited by sputtering, chemical 
vapor deposition (CVD), or physical vapor deposition (PVD) techniques. The ROIC 
metal pad materials may be Au, Al, NiCr, or Pt. The use of two masks, to define 
and transfer the IR radiation reflective gold layer and the ROIC, is required in this 
first fabrication step (Figure 5.1a). 
In the next step of the fabrication method, a sacrificial layer is deposited 
over the lower level structure, with a thickness corresponding to the gap resonant-
cavity required. The sacrificial layer may be comprised of various materials such 
as polyimide, or photoresist; and may be formed by suitable deposition techniques, 
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such as spin coating, chemical vapor deposition (CVD), or physical vapor 
deposition (PVD) techniques (Figure 5.1b). 
After the sacrificial layer is deposited over the lower level structure, an IR 
radiation absorber layer of Si3N4 is deposited on top of the sacrificial layer through 
a low pressure chemical vapor deposition (LPCVD), to achieve the low residual 
stress thin film required by the suspended micro-bridge (Figure 5.1c). 
The p-Si thermosensing layer is deposited on top of the Si3N4 absorber layer 
by plasma enhanced chemical vapor deposition (PECVD) technique using 10% 
SiH4 and 90% Ar as precursor, with B2H6 (diborane) as p-type doping gas. The use 
of a mask to pattern and transfer the thermosensing structure is required in this 
fabrication step (Figure 5.1d). 
Next, a plurality of cavities via holes is defined on the sacrificial layer, and 
etched to deposit the pillars that electrically couple the p-Si thermosensing material 
and the ROIC metal pad. The plurality of cavities (holes), defined to deposit the 
pillars that anchor the upper level to the lower level structure, are etched by 
reactive-ion etching (RIE) technique to achieve the anisotropic etch required. The 
pillars may be comprised of electrically conducting materials such as Al, Au, Pt, or 
NiCr; that may be deposited by sputtering or chemical vapor deposition (CVD) 
techniques. The use of a mask to define the cavities to deposit the pillars is 
required in this fabrication step (Figure 5.1e). 
Subsequently, an interconnection layer is deposited over the 
thermosensing material and the arms to connect the thermosensing element and 
the pillars. The interconnection, Al, is formed by sputtering or chemical vapor 
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deposition (CVD) techniques. Al forms an Ohmic contact to the low doped p-type 
Si thermosensing layer, without the necessity of an additional high doped layer of 
p-type Si. The use of a mask to pattern and transfer the interconnection layer is 
required in this fabrication step (Figure 5.1f). 
In a subsequent step, a top Si3N4 thin dielectric layer for passivation is 
deposited on top of the upper level structure, by low pressure chemical vapor 
deposition (LPCVD) or plasma enhanced chemical vapor deposition (PECVD) 
techniques (Figure 5.1g). 
Next, the upper structure to form the arms and the suspended final upper 
structure of the bolometer is patterned and etched. The patterned structure may 
be etched by ion milling or reactive-ion enhanced (RIE) etching techniques to 
achieve the anisotropic etch required to achieve the suspended square-shaped 
microstructure. The use of a mask to pattern the upper structure to form the arms 
and the suspended final upper structure of the bolometer is required in this 
fabrication step (Figure 5.1h). 
After the suspended micro-bridge is patterned and etched, the wafer 
(substrate) is diced to form individual microbolometer devices or microbolometer 
array. The individual microbolometer device or microbolometer array is processed 
by removing the sacrificial layer, forming the cavity by removing the sacrificial layer 























CONCLUSIONS AND FUTURE WORK 
 
6.1 Conclusions 
In this study, p-Si as a thermosensing active element, in combination with a Si3N4 
layer as IR absorber material, has been proposed for uncooled IR 
microbolometers. The maturity of the silicon processing technology makes p-type 
silicon a viable material to be considered as a thermosensing element with easy 
integration and compatibility with standard CMOS fabrication processes. 
A simulated evolution of absorptance, transmittance and reflectance as 
function of thin film thickness, of various common dielectric materials has been 
presented in the above study. Results show that the optical properties of the 
dielectric materials considered exhibit thickness dependence throughout the 
spectral wavelength range (1.5-14.2 μm), and corroborates the high absorptance 
of Si3N4 in the spectral range of 8-14 μm. This study provides theoretical 
information of radiative properties of common dielectrics to be considered and to 
facilitate the design and fabrication of IR band-pass filters and lenses with 
applications in the infrared spectrum range of 1.5-14.2 μm. 
This study provides information on the radiative properties of common 
dielectrics that can be considered to facilitate the design and fabrication of IR 
optical band-pass filters and lenses with applications in the infrared spectral range 
of 1.5-14.2 μm. The knowledge of the radiative properties of dielectric materials, in 
the range of NWIR (near-wave IR) to FWIR (far-wave IR), gives the ability to 
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choose an appropriate infrared absorber material for pyrometers, real time thermal 
imagers and other such instruments with capability to measure, map and control 
the manufacturing process temperature. 
A two-level suspended, thermally isolated, microbolometer square-shaped 
multilayer structure (Si3N4/p-Si/Si3N4/Vacuum/Au/Si) is proposed in this research. 
Low doped p-silicon is presented as an alternative in order to reduce the standard 
high element (pixel) resistance, noise and fabrication costs. Its radiative properties 
are modeled and optimized in the wavelength spectral range of 8-14 µm 
(atmospheric transmission window) at room temperature, utilizing a matrix method 
(Multi-Rad simulation package) of representing the optical properties. The 
proposed two-level multilayer structure is optimized as a function of thin film 
multilayer and resonance cavity thickness, and exhibits a total infrared 
absorptance of more than 80% over the spectral range considered. 
Results show that the combination of a resonant cavity with a reflective gold 
layer results in the enhancement of the IR radiation absorptance with a negligible 
IR radiation transmittance. Total values of radiative properties, as a function of the 
wavelength range and radiative properties for the specific wavelength range, have 
been simulated and calculated. 
The performance of the proposed microbolometer is predicted with the 
numerical calculations of figures of merit as function of applied bias voltage, 
modulation frequency of the radiation source (blackbody) and focal number of the 
optical system. Two microbolometer structures are proposed and compared 
107 
 
obtaining significant improvements in the figures of merit for the modified 
microbolometer structure. 
Even though the low doped p-Si thermosensing layer has low TCR, the 
normalized detectivity 𝐷∗ achieved values of 108 are comparable with the state-of–
the–art commercial devices. 
The 𝑁𝐸𝑇𝐷 values lower than 50 mK at 
𝑓
#⁄ =1 and the low thermal time 
constant 𝜏𝑒 of 4.176 ms show that the modified microbolometer structure is suitable 
for imaging systems with a video frame rate of 10-80 Hz. 
The proposed microfabrication process is based on standard lithography 
microfabrication techniques. The monolithic fabrication approach is a cost-
effective process due to the well-established post CMOS and can reduce the cost 
of the microbolometer fabrication. 
The results obtained are critical in the design and fabrication of uncooled 
two-level microbolometer structures. In summary, the simulated results of the 
radiative properties and numerical calculations of figures of merit suggest the 
possibility to consider low doped p-type Si and the proposed two-level multilayer 
structure in the design and fabrication of uncooled infrared imaging arrays with a 
reasonable performance and low cost. 
 
6.2 Future Work 
This study shows that it is possible to implement low doped p-type Si as an 
alternative to the traditional thermosensing materials in the fabrication of uncooled 
infrared sensors and uncooled infrared imaging systems. 
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The high IR radiation absorptance (8-14 µm) and the results of numerical 
calculations of the performance of the proposed microbolometer two-level 
structure allows to continue with the process of fabrication and performance 
measurements of the proposed microbolometer, and to compare them with the 
performance of standard uncooled microbolometers that are commercially 
available. Efforts towards prototyping and technology transfer are in progress in 
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